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 بسم الله الرحمن الرحیم 
 ن و القلم وما یسطرون
 ذات باریتعالیالله عزوجل تقدیم به 
 
 که هر چه دارم به برکت ایشان است السلام معلیه سفینه نجات بهانه خلقتمعصوم نور آسمانی چهارده به 
 اش باشیم به منجی عالم بشریت مهدی موعود عجل الله تا که از منتظران و سربازان واقعی 
 
مهتاب پورعلینقی و صبورم باوفا، محرم راز  ،به همسر مهربان
 ریحانه سادات جزایریثمره زندگی و عشق جاویدم  م، عزیزترینبه یگانه دختر
بی شک بدون وجودشان محبتهایشان که بی دریغ بر من نثار کردند و صبوریها و از خودگذشتگی هایشان این پایان نامه 
 پایانی نداشتنامه ای بود که 
 
به پدرم سید جعفر جزایری و مادرم ساره حجت زاده که زندگی ام را مدیون وجود گرانقدر آنها هستم و هر چه دارم به 
 برکت زحمات آنها است
 
تحمل دوری خانواده ام امکان انجام این صبر و به پدر همسرم فرخ پورعلینقی و مادر همسرم خواتون رحیمی میاب که با 
 راهم کردندرا ف مهم
 
 به خواهران و برادرانم
 زهرا جزایری ،سیدعباس ،مرجان ،سیدحسین ،سیدحسن،مرضیه 
 
 به خواهر و برادران همسرم
 علی محمد پورعلینقی ،ماهرخ ،شاهرخ
 
 به تمامی معلمین و اساتید
 حقیقت علم آزادگی و تقدیم به شهدای 
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Resumen 
Palma de aceite (Elaeis guineensis Jacq.) es la primera planta oleaginosa con la producción de más aceite 
con menos precio. El déficit hídrico reduce la producción de palma de aceite. Es necesario entender las 
respuestas de plantas al déficit hídrico para obtener plantas más tolerantes. Se usó RNA-Seq para 
diferenciar dos genotipos de palma de aceite en relación con las respuestas a estrés hídrico. Usando la 
tecnología de Illumina HiSeq2000 para obtener 1.27 billones de lecturas cortas de 101bp y usando 
Bowtie2 y SOAPdenovo-Trans para mapear y ensamblar de novo, se generó un transcriptoma foliar con 
111614711 bp y 115598 transcritos. Utilizando DESeq para análisis expresión diferencial los resultados 
comparativos entre condiciones de control y déficit hídrico mostraron que el genotipo tolerante 
(IRHO7010) mostró 2123 genes (2860 transcritos) diferencialmente expresados bajo condiciones de 
déficit hídrico mientras que el genotipo susceptible (IRHO1001) mostró 112 genes (212 transcritos). 
Había 93 genes (126 transcritos) comunes involucrados en procesos relacionados con ABA, cierre de 
estomas, estrés oxidativo y osmótico, muerte celular programada, etc.  Los genes involucrados en 
regulación y señalización fueron los más abundantes en el tolerante. Los genes funcionales codificantes 
de, ej. metabolitos secundarios; osmoprotectantes; fitohormonas como etileno, jasmonato y auxinas 
fueron expresados diferencialmente en el tolerante. Los resultados de RNA-Seq se validaron con RT-
qPCR con una regresión de R2=0.88. Dos genotipos de palma de aceite se discriminaron como tolerante 
(IRHO7010) y susceptible (IRHO1001) por los parámetros fisiológicos y técnicas molecular de RNA-Seq 
y RT-qPCR. El genotipo tolerante mostró más genes expresados diferencialmente en regulación y 
señalización como factores de transcripción, modificación y degradación de proteínas, quinasas, 
regulación de calcio, proteínas-G que se sugiere que estos procesos y mecanismos pueden ser más 
importantes en su tolerancia a déficit hídrico según las funciones reportadas en la literatura. 
 
Palabras claves: Elaeis guineensis, Palma de aceite, RNA-Seq, Transcriptoma, Sequia, déficit 
hídrico   
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Abstract 
 Oil palm is the first oleaginous plant in terms of more oil production with less expense. Water deficit 
decreases oil palm production. It is necessary to understand plant drought responses to obtain more 
tolerant plants. RNA-Seq was used to differentiate two oil palm genotypes in relation with water deficit 
responses. Using Illumina® HiSeq 2000™ technology, obtaining 1.27 billion short reads of 101 bp, 
mapping and de novo assembly with Bowtie2 and SOAPdenovo-Trans, a foliar transcriptome with 
111614711 bp and 115598 transcripts was generated. Utilizing DESeq for gene expression analyses, the 
comparative results of drought and control conditions showed that the tolerant genotype possessed 2860 
transcripts of 2123 genes differentially expressed under prolonged drought condition while the susceptible 
genotype showed 212 transcripts of 112 genes. The 93 common genes between two genotypes distributed 
in 126 transcripts were found mainly involved in ABA-related processes, closure/aperture stomata, 
oxidative/osmotic stress, and programmed cellular death. The genes involved in regulation and signaling 
were the most abundant in the tolerant genotype. The functional genes encoding e.g. secondary 
metabolites; osmoprotectant; plant hormones like ethylene, jasmonic acid and auxins were differentially 
expressed in the tolerant genotype. They function in water potential balance and regulatory processes like 
signaling. RT-qPCR validated RNA-Seq results by regression value of R
2
=0.88.Two oil palm genotypes 
were determined as tolerant (IRHO7010) and susceptible (IRHO1001) by physiological parameters and 
molecular techniques including RNA-Seq and RT-qPCR. The tolerant genotype showed more 
differentially expressed genes in regulation and signaling genes including, but not limited to, transcription 
factors, protein modification, protein degradation, kinases, Ca regulation and G-proteins, suggesting these 
processes and mechanisms can be of more importance in its tolerance to drought according to their 
functions reported in the literature. 
 
Keywords: Elaeis guineensis, Oil palm, Transcriptome, RNA-Seq, Drought  
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Preface  
Stress in biological terminology can be defined as deviation of whatever factor that affects living 
organism life and impacts normal life. It may be moderately tolerable or adversely mortal 
depending on deviation and shift level from normal life in ontogeny of an organism. It can be 
including surplus or dearth of water, salt, heavy and non-heavy metals, temperature, light, 
microelements, macroelements, gases, and any other factor, situation, agents, etc. However it is 
difficult to find a general and overall meaning and explanation for it. As a general biological 
definition, it can be defined as “a critical threshold” where a living organism reactions to 
environmental cue changes. 
Water is the main limiting factor in crop plants and drought as the most effective stress on plants 
can decrease plant production up to 94% (Farooq et al. 2009; Zlatev and Lidon 2012) and 
finalizes to death. As a matter of fact drought occurs in nature as a part of climate change 
causing water to reduce or disappear. Crop production is severely and seriously facing this 
problem; diminishing available water known as dehydration, desiccation, water deficit, water 
deprivation or drought stress.  
Because of limitations of global water supply and resources, future food demand for rapidly 
increasing population is likely to further aggravate the effects of drought (Somerville and 
Briscoe 2001). In reality and real world it is not possible to control water in nature as there are 
several factors affecting water cycle such as occurrence and distribution of rainfall, evaporative 
demands and moisture storing capacity of soils, high temperature and other involving 
environmental cues (Chaves et al. 2003) and generally speaking climate change effect and 
phenomenon.  
To adapt and tolerate water deficit, some defensive mechanisms occur in tolerant plants (Chaves 
and Oliveira 2004). These mechanisms can be temporal like photosynthesis rate reduction when 
one plant is exposed on drought as a transition event or permanent as genetic mechanisms by 
which a plant is more tolerant than others - as an example, ability to produce more and distinct 
osmoprotectants is one of the permanent mechanisms seen in drought tolerant plants.  
Plants adopt some mechanisms to tolerate drought condition as “scape” like early blooming and 
flowering, “avoidance” like leaf area reduction, root growth modification, and “tolerance” like 
producing metabolites to adjust water potential in cells, switching expression of some genes 
involving in responses to water deficit (Franks 2011). Hence, the adaptation of plants to drought 
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could achieve by the contribution of the above mentioned strategies (Stikić et al. 2014) as well as 
others including confrontation, resistance, and evolution. Plants during their evolution could 
have resisted drought conditions to survive, diverse and evolve (Jenks and Hasegawa 2005) by 
means of some approaches and responses, such as adopting morphological structures, 
physiological reactions, biochemical metabolites, modifying molecular response via genes and 
their expression and so on.  
Upon exposure to water deficit and according to gene functions, plants show differential gene 
expression (Bray 2002) as the basic responsive approach in order to control, manage and 
overcome water deficit effects and regulate their transcriptome profile steadily as main response 
to drought. Studying differential expression in plants in response to water deficit can support us 
understand how and in what manner plants are able to respond to water shortage in molecular 
genic level. It also can direct and lead us to screen tolerant plants according to their differential 
genic expression in breeding and genetic engineering programs (Bhargava et al. 2013). 
Nowadays two methods namely RNA-Seq and RT-qPCR are used as the methods of choice to 
obtain more information on plant responses to desiccation as well as other stresses and 
conditions. They can help us analyze drought responsive genes under water deficit condition 
(Molina et al. 2008; Villar et al. 2011; Kakumanu et al. 2012; Thumma et al. 2012; Vidal et al. 
2012; Bowman et al. 2013; Gross et al. 2013; Ha et al. 2013; Raney et al. 2014).  
Through RNA-Seq as a high throughput next generation sequencing method (known as HTS, 
high-throughput sequencing and NGS next-generation sequencing in transcriptomics) and then 
relevant downstream analyses, it is possible to characterize and determine gene expression 
profile and whole transcriptome as well as quantify differentially expressed genes in response to 
drought condition. This leads us to relate them to drought functional response and finally to 
prepare a gene catalog including drought responsive genes involving in mechanisms of response 
and adaptation to water deficit.  
Another approach is using qRT-PCR or RT-qPCR (quantitative Reverse Transcription 
Polymerase Chain Reaction) as a well-known method in such field, to validate gene expression 
for desired genes corresponding to drought response. They can be considered as two 
complementary tools.  
Oil palm (Elaeis guineensis Jacq.), providing almost all human needs in different usages such as 
construction material, food, garment, gourmet, biofuel, raw material for sanitary industry, 
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cosmetic industry, etc., is the main and first vegetable oil producer plant all over the world 
(Carter et al. 2007) with more than 50 Mt annual production (USDA 2012). Producing about 
36% of edible oil, it accumulates up to 90% oil in its mesocarp as the highest level observed in 
the plant kingdom (Bourgis et al. 2011; Singh et al. 2013). As it is also the cheapest oil producer 
plant with the lowest production costs (Corley 2009) it can be considered as the best option to 
develop oleaginous plant cultivation providing more vegetable oil production with less costs and 
expenses.  
Palm oil is considered as the ‘marginal’ oil (Schmidt and Weidema 2008), the oil most 
responsive to changes in demand for vegetable oils. By 2030 vegetable oil will probably be 
required double of today consumption (Chapman and Ohlrogge 2012) and if considered 
constantly, 36% of it; about more than 86 Mt will be demanded from oil palm product (Corley 
2009).  
Oil palm, a plant of humid areas of the earth that grows between the latitudes of 15
o
N and 15
o
S, 
demands about 1800-2000 mm raining water in the year in order to have a normal production 
and cannot tolerate drought cycles of more than 90 days (Corley and Tinker 2003). Drought 
condition affects oil palm in different aspects like photosynthesis rate, growth rate and reduces 
its production (Cha-um et al. 2010, 2013; Rivera et al. 2012). Due to its water requirement and 
drought effect impacts on its production, it is importantly vital to study factors related to oil palm 
water deficit response. This project was directed to recognize, identify and present the likely 
genes involved in oil palm drought response. 
In this study, transcriptomics techniques and analyses were used to characterize and describe 
drought-responsive genes in oil palm plant. To our knowledge this study is the first report on oil 
palm gene expression in response to water deficit using RNA-Seq. This project was planned to 
test the overall hypothesis that drought-responsive genes in oil palm can be expressed 
differentially to play an increased role in drought response. To reach to this goal, two different 
oil palm genotypes were studied using RNA-Seq as a golden transcriptomics tool to analyze 
whole transcriptome profile and differential expression of genes and employing RT-qPCR to 
validate gene expression in response to drought.  
The expected objectives were to:  
 
1. Study oil palm whole transcriptome 
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2. Investigate general transcriptomic responses of oil palm to drought stress 
3. Compare drought responses in oil palm different genotypes under drought treatment 
in order to identify and characterize some drought-responsive genes for future studies  
  
This Ph.D. dissertation research was aimed to generate oil palm basic information including 
whole transcriptome, gene expression profile, and differential gene expression catalog as 
fundamental data related to oil palm drought or water deficit response. It is expected to be a 
valuable resource for next investigations in order to recognize and present more details about 
gene expression profile and likely drought responsive genes in oil palm toward functional 
genomic studies, plant improvement programs, breeding investigations, phylogenic researches, 
evolution scrutiny, etc. 
To cover the objectives and aims, this dissertation includes the following sections covering 
theoretic and hypothetical remarks as well as experiments, results, conclusion and discussion: 
 
Introduction; a summary about oil palm, drought stress, theoretic base and hypothetical 
remarks, suitable tools to study water deficit in transcriptomics level 
Chapter 1: Drought stress and plants: How do plants respond to water deficit? 
Chapter 2: RNA-Seq: A glance at technologies and methodologies 
Chapter 3; Physiological effects of water deficit on two oil palm (Elaeis guineensis Jacq.) 
genotypes 
Chapter 4; Oil palm (Elaeis guineensis Jacq.) foliar transcriptome: RNA-Seq for functional 
omics study and comparative biology 
Chapter 5; Oil palm (Elaeis guineensis Jacq.) water deficit responsive gene catalog disclosed by RNA-
Seq profiling foliar gene expression 
Chapter 6; Water deficit transcriptomic response of two genotypes of oil palm (Elaeis 
guineensis Jacq.) revealed by RNA-Seq 
Conclusion; General summary and complementary words 
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Introduction 
 
Oil palm 
The first palms started to appear on the Earth during the Cretaceous period of the secondary era 
estimated from about 85 million years ago. The Arecaceae (Palmae) or palm family includes 
2800 known species in 226 genera. Oil palm belongs to subfamily Arecoideae, tribe Cocoeae, 
subtribe Elaeidinae and genus Elaeis (Price et al. 2007). 
Elaeis; the scientific name for the oil palm genus coming from its oil-rich fruits, is derived from 
an ancient Greek word “elaia” meaning olive. Two species in this genus are E. guineensis Jacq. 
(African oil palm) and E. oleifera (HBK) Cortez (American palm) (Corley and Tinker 2003). 
Originating from humid intertropical Africa, it is native from Sierra Leone in the west through 
the Democratic Republic of Congo in the east.  It is a close relative of other important palms, i.e. 
the coconut (Cocos nucifera) and date (Phoenix dactylifera) palm. 
A variably estimated haploid genome size between 2 – 4.35 pg (1956 – 4254  Mbp) (the Plant 
DNA C-values Database, http://www.rbgkew.org.uk/cval/homepage.html) (Rival et al. 1997; 
Alves et al. 2012) has been reported for oil palm. However recently as the genome of oil palm 
was published,  1.8 Gb genome sequence is estimated (Singh et al. 2013).  
The genome is divided among 16 pairs of chromosomes (Madon et al. 1995; Jouannic et al. 
2005) and on the basis of their length; the chromosomes are divided into three groups including 
group I including chromosome No. 1, group II assigning to chromosomes 2–9 and group III 
covering chromosomes 10–16. Group I consists of the longest chromosome including 10.83% of 
total plant chromosome length, group II of medium length chromosomes (6.21%-8.42% of total 
chro-mo-some length) and finally group III of medium short chromosomes (3.17%-5.37% of 
total chro-mo-some length) (Madon et al. 1995). 
Oil palm has pinnate leaves or fronds with 4-9 m length bearing 50-60 lanceolate pointed 
segments and more than 300 blade-like leaflets on several levels. The petiole, up to 1 m long, is 
marginally spin and toothed. The leaves of this tree surround the terminal bud like other palms 
protecting the sprout. The new leaves radiate continuously from the center of the crown. The 
older leaves are prone to dry out and fall naturally. The leaf base, or petiole, is edged with sharp 
thorns. Leaf bases are persistent for years, and prominent leaf scars are arranged spirally on the 
trunk of mature palms where bases have fallen. 
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As a non-woody monocotyledonous tree, its erect stem reaches up to 25-30 m naturally while in 
cultivation its commercial varieties are found in maximum 10 m tall.  Its stem with 
spontaneously growth has constant diameter and diamond-shaped scars and is not ramified which 
spiral around the stem.  
Oil palms are monoecious, producing male and female inflorescences in leaf axils. The trimerous 
flowers develop on inflorescences, some male and some female, in the frond and leaf axil. The 
floral formula of Arecaceae family is [Ca3 Co3 A6 G3]. The inflorescence of both sexes is a 
compound spadix bearing 100-200 branches that initially is enclosed in a spathe or bract that 
splits 2 weeks prior to anthesis.    
Its fruits are drupes and the mesocarp and endocarp vary in thickness depending on the fruit type. 
Oil-rich fruits are grouped together in "bunches" weighing anything from 1 to 60 kilos. A ripe 
adult bunch weighs an average of 15 to 25 kilos and has around 1500 fruits. Fruits have a fleshy 
part and seed. The seed includes shell and kernel. A smooth skin covering an oily, fibrous pulp, 
which itself surrounds a very hard black shell form the fruits. The shell, which has three 
germinative pores, protects the solid oval palm kernel. Around the kernel there are one to three 
very small embryos that feed on the kernel after germination, giving rise to between one and 
three plantlets. 
Obovoid-shape fruits range in size from < 1″ to 2″. The mesocarp, from which palm oil is 
derived, is fibrous and oily, and the seed is opaque white, encased in a brown endocarp; palm 
kernel oil is derived from seeds. The female infructescence contains 200-300 fruit, and fruit set is 
50-70%. Fruit ripen about 5-6 months after pollination. 
There exist three main types of oil palm differing in terms of the thickness of the fruit shell 
including: 1)The Dura type known for its thick shells, 2)The Pisifera type characterized by the 
lack of a shell, 3)The Tenera type, a hybrid of the above two, characterized by its thin shell. 
Also in terms of fruit color there are three main different including:  1) The Nigrescens type, the 
most common, characterized by black fruits that turn reddish-brown as they ripen, 2) 
The Virescens type, known for its green color when immature and subsequently for orange color 
in ripened fruit, 3)The Albescens type, whose pulp does not contain carotenoids (Singh et al. 
2014). 
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Oil palm produces two different types of oil simultaneously: 1)  red palm oil , produced from the 
orangey-yellow pulp, which contains around 50% oil, 2) palm kernel oil (PKO) , which is a 
creamy color. The kernel contains around 50% PKO (Pantzaris 2000).  
African oil palm (E. guineensis Jacq.) is the main source of vegetable oil all over the world. It 
has seen a very substantial growth in world production among 17 most consumed oils and fats 
from 8% in 1980 to more than 30% in 2012 by 54 million ton production reported by Oil World in 
2013  (Figure 1). 
 
 
Figure 1. Substantial growth in world production of palm oil (www.oilworld.de). 
 
In accordance with the USDA reports (USDA 2007, 2012), total world palm oil production grew 
from 37Mt in 2006 to around 56 Mt in 2012 and has become the most consumed and produced 
vegetable oil among the oil crops (Figure 2) as in 6 years has grown 1.45 time more. The oil 
palm cultivation area is just 5.3% among oleaginous plantations where for soybean is about 
40.9% and cottonseed 13.2% respectively as shown Figure 3.  
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Figure 2. World plant oil consumption. The first oilseed plant is oil palm followed by soybean, rapeseed, sunflower, 
cottonseed, groundnut and coconut. 
 
 
 
Figure 3. Oleaginous plant cultivation area. Oil palm has the least cultivated area producing about 36% of the whole 
oil and fat followed by soybean, cottonseed, rapeseed and sunflower seeds.  
Palm oil is the world’s major source of vegetable oil and fat (Carter et al. 2007; Turner et al. 
2008; Corley 2009). According to available estimation, 36% of the world’s edible vegetable oil 
consumption is provided by oil palm currently (Ngando-Ebongue et al. 2011). By 2050 the 
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medium vegetable oil consumption estimate would increase to a total requirement of 281 Mt. 
Total palm oil requirement would be 149 Mt (if soya bean production also increases), and the 
additional required plantation area would be between 18 to 26 Mha, depending on yield (Corley 
2009).  
The cultured area with oil palm has increased in recent decades and has seen an increase of 
168% since 1960 up to 2004 (Donald 2004). It recently has been increased more than 15 million 
hectares in 2009 (FAO 2009) and 16.4 million hectares in 2012 (FAO 2013). 
Oil palm is the most efficient oilseed crop as it gives the highest yield per hectare among all oil 
crops at present (Corley and Tinker 2003) and produces oil with the lowest production costs 
among the other oilseeds  (Carter et al. 2007). As depicted in Figure 4, it can produce up to ten 
times the yield of oil/year/hectare of other annual oleaginous crops as its oil production reaches 
to about 4 t palm oil/ha in average (Oil World 2007; Mayers et al. 2008). 
 
Figure 4. Average plant oil yield showing efficiency comparison among different major oil crops. The comparison 
is depicted for 4 main oil producing plants (Oil World, 2013). 
 
This valuable plant needs more consideration as it produces oil with less costs and expenses in 
comparison with other oleaginous plants, is the first human vegetable energy source and one of 
the strategic crops in several countries. Globally it is a very important vital crop, if not the first 
one, for all countries of the world as it produces most consumed vegetable comestible oil and fat. 
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Also it is used in several industries as raw or processed material and can be considered as an 
omniproduct utilized in several products being daily used by human.  
The first 5 countries producing palm oil around the world are Malaysia, Indonesia, Thailand, 
Colombia, and Nigeria followed by others (Table 1). 
Table 1 . Estimated global palm oil production by country for 2012. (http://www.usda.gov, 
http://www.indexmundi.com/agriculture/?commodity=palm-oil&graph=production) 
Rank Country Production (1000 MT) 
1 Indonesia 28,000.00 
2 Malaysia  19,000.00 
3 Thailand  1,700.00 
4 Colombia 960.00 
5 Nigeria  850.00 
6 Papua New Guinea 530.00 
7 Ecuador 505.00 
8 Côte D'ivoire 300.00 
9 Brazil 275.00 
10 Honduras 252.00 
11 Costa Rica 225.00 
12 Guatemala  197.00 
13 Cameroon 190.00 
14 Congo, The Democratic Republic Of The  185.00 
15 Ghana  120.00 
16 Philippines 100.00 
17 Venezuela 70.00 
18 Angola  58.00 
19 Guinea  50.00 
20 India 50.00 
21 Liberia  42.00 
22 Peru 41.00 
23 Sierra Leone 36.00 
24 Benin 35.00 
25 Mexico  27.00 
26 Dominican Republic 22.00 
27 Togo  7.00 
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Colombia is the fourth oil palm producer in the world and the leading producer of Latin 
America. Oil palm crop is one of the country's most promising and important agricultural sectors 
and is at the heart of Colombia’s economic and social development. Oil palm crop in Colombia 
grows 14% annually in 73 of Colombia’s municipalities, making up half of all the country's 
provinces. The areas with the highest number of hectares of oil palm are (in order): The 
departments of Meta (1), Cesar (2), Santander (3), Magdalena (4), Nariño (5), Casanare (6), 
Bolívar (7), Cundinamarca (8), Chocó (9), and Norte de Santander (10). Other departments with 
oil palm plantations are: Atlántico, Caquetá, La Guajira, Córdoba, Antioquia, and Arauca 
(www.fedepalma.org) (Figure 5A). They are divided into 4 main parts of the country; east, north, 
center and west with 32, 28, 26 and 14% of country cultivation, respectively (Figure 5A, B).  
 
 
  
Figure 5. Colombian departments and zones where oil palm is cultivated. A) The map of growing areas of oil palm 
in Colombia according to the provinces of the country. The four oil palm zones include northern, central, eastern and 
western regions. B) Cultivation percent of the four cultivation zones. (www.fedepalma.org). 
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 The oil palm plantation is more than 1 million hectares which is proposed to expand to 7 million 
hectares by 2020. The oil palm industry provides 80,000 jobs benefiting thousands of families 
and generating regional development. As a result of these efforts, during the 1980's, the number 
of hectares planted with oil palm in Colombia tripled. By now, oil palm is the country's most 
important raw material in the production chain of oil seeds and oils and fats.  
Palm oil and palm kernel oil accounts for 90% of oils and fats produced domestically and almost 
60% of all oils consumed in Colombia. Since 1990, palm oil exports have increased significantly 
and make up an important share of Colombian agro-industrial exports (www.fedepalma.org).  
 
The world needs more production of palm oil and this can be reached from two different ways: 
increasing production of oil palm through the development of new high yield planting materials, 
or extending cultivated areas which is not easy to achieve because of limiting factors and 
biodiversity matters. In oil palm producer countries, there is a great requirement for oil plants 
that can tolerate extreme climate and ecological conditions but produce more (Figure 6).  
Between two mentioned increasing production ways; cultured area extension  and yield increase 
per hectare, the first one is reaching to a red line due to some limitations like lack of available 
appropriate lands to extend cultivation of oil palm, threatening biodiversity of the places where 
will be considered as oil palm plantations, deficiency of facilities and available resources (like 
water).  
However it might be possible to produce more palm oil under the present conditions, limitations 
and deficits (like deficits of available resources such as water, fertile soil, and so on) by 
cultivating tolerant plants to produce more under undesirable stress conditions. This could be 
achieved through available tools like genetic engineering, biotechnology, genomics, 
transcriptomics, biological and agricultural improvement programs, etc. by using basic 
information about how oil palm respond to such undesirable and unfavorable conditions like 
drought. 
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Figure 6. Yield of oil palm in different countries. Oil palm production in Malaysia is about double of Nigeria. More 
potential exists for more production by ameliorating factors like cultivation conditions, breeding and genetic 
manipulation, etc.   (www.fedepalma.org). 
 
Despite its valuable importance and economic interest as the less expensive vegetable oil 
producer, oil palm suffers for molecular resources and literature (Sambanthamurthi et al. 2000; 
Bourgis et al. 2011). Until recently, limited amounts of oil palm EST/unigene data were 
available in public databases, mainly due to the fact that commercial interests have been keeping 
and hiding  private EST collections and only some oil palm DNA sequences as ESTs (Jouannic 
et al. 2005; Ho et al. 2007; Low et al. 2008) could be found under E. guineensis Jacq. NCBI 
Taxonomy browser ID: 51953 (http://www.ncbi.nlm.nih.gov).  
After recently published oil palm genome and a set of transcriptome (Singh et al. 2013) more 
information is available now on it. Regarding to economic importance of oil palm as the number 
one plant in vegetable oil production in comparison with Arabidopsis as the well-known model 
plant and soybean as the second oleaginous plant, there is a very wide gap between available 
information for oil palm and the others. This emphasizes that there is a big requirement for 
generating as much information on oil palm plant as possible and extremely more data should be 
produced on E. guineensis to be known and recognized better and more. 
Thus due to shortage of available information, oil palm industry needs and asks for more 
biological molecular information. This study is one research about the oil palm transcriptome 
and also its gene expression profile in response to water deficit as the main plant stress problem 
worldwide.  
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Oil palm and Drought stress 
To survive, live and produce plants do need water; if water is not available as much as the plants 
need, water deficit occurs. Water deficit has very adverse effects on plants and it is the main 
stressor that can decrease productions of plants (Farooq et al. 2009; Jaleel et al. 2009). Water 
deficit can affect plants in different aspects like morphology, biochemistry, genetics 
(Thiellement et al. 2007) and could change the quality and quantity of different plant metabolites 
such as essential oils, waxes, total proteins in plants (Jazayeri 2000). 
Like other plants, water deficit can affect oil palm production and also influence other aspects 
such as morphology, physiology, photosynthesis, etc. (Cha-um et al. 2010, 2011, 2013; Yamada 
et al. 2011; Rivera et al. 2012). Water diminishment and disorders in the water cycle as a result 
of climate change is being observed all over the world in a global pattern affecting oil palm. This 
global water decrease has affected water resources and water availability and consequently 
productivity of crops such as oil palm that is altered in respect to water deficit availability level 
(Caliman and Southworth 1998).  
However, available water in the oil palm cultivation zones fluctuates and this can make oil palm 
production risky. Malaysia and Indonesia are the leading producers of palm oil, but they also 
face with problem of decreasing production of oil palm due to limiting water resource and 
drought periods (Henson and Chang 1989; Lubis et al. 1993; Henson et al. 2005). These 
production reduction and problem lead us to overcome such problem in oil palm production.  
Identification of tolerant genotypes to water-limiting condition can facilitate choosing the 
suitable tolerant genotypes for more economic production under stress conditions in the oil palm 
cultured areas. Using tolerant genotypes in palmiculture will lead to more revenue and operation 
and lessen the costs of oil palm production. In addition it will generate a useful tool that provides 
information for development of biological systems that allow using better and adequate non-
renewable resources, like water. 
Transcriptomics studies including gene expression profile by RNA-Seq (whole transcriptome 
sequencing) and genic expression quantification can be employed and used in order to discover 
genes and their expression level in different oil palm planting materials under water deficit 
conditions. Differential expression of genes those found in drought-stressed plants can be a base 
for starting a project of drought tolerance in plants. This enables and helps researchers to screen 
tolerant plants with a basic easy tool and basic information and data. 
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The project results can help the Colombian palmiculture industry to improve plants with more 
drought resistance. This project as a basic informative project on water deficit will be of help to 
make more benefit and improve developing situation of Colombian palmiculture as well as the 
scientific results those would be used in other biological and agricultural studies.  
 
Hypothetical remark 
Plants possess effective and efficient mechanism controlled by genes in genome and 
transcriptome level in order to adapt, tolerate and survive under drought condition and outlive 
and redeem in a stress responsive pattern (Agarwal et al. 2006; Kavar et al. 2007; Qureshi et al. 
2007; Cattivelli et al. 2008; Mazzucotelli et al. 2008; Mohamed 2008; Farooq et al. 2009; 
Huerta-Ocampo et al. 2009; Deyholos 2010; Rosero et al. 2011; Shanker and Venkateswarlu 
2011; Dugas et al. 2011; Iskandar et al. 2011; Thumma et al. 2012; Kakumanu et al. 2012; 
Lawlor 2013; Gross et al. 2013; Hu and Xiong 2013; Xu et al. 2014). Such relationship between 
water deficit and genes of oil palm also can exist like that of its family member; date palm 
(Elshibli 2009; Gómez-Vidal et al. 2009) or American palm (Rasid et al. 2008). 
Expression change trend of a gene shows relatively how important it could be in response to 
water deficit. That is why gene expression for different genes is determined in order to evaluate 
their behavior in different materials and treatments. These genes are checked within two 
approaches as used also in the current project in order to annotate and reveal their function and 
confirm their expression trend. Finally a list of genes would be introduced and presented as the 
genes related to oil palm drought response. 
In this study the final point is to find and discover the likely genes responsible for water deficit 
response in oil palm using RNA-Seq as a NGS approach. The obtained transcriptomics results 
can be the first step of assisted selection of drought-tolerant oil palm plants and eventually 
screening oil palm plants to introduce drought-resistant genotypes. As the next steps, the listed 
genes showing differential expression in related to water deficit can be used to determine their 
function in oil palm or model plants like Arabidopsis and rice. Common genes between oil palm 
and other plants result in and demonstrate probable biodiversity, evolutionary and phylogenetic 
relation between them. 
Discovering genes expressed in response to drought in the tolerant planting genotypes can help 
and lead to program and manage better plant breeding research using these basic data. 
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Expression profiles and levels of genes related to responses to water deficit demonstrate and 
open an adequate pathway to have a powerful tool in order to find and screen tolerant plants. A 
plant showing differential expression of a gene related to drought response mechanisms can 
likely be a tolerant plant and used in plant improvement programs. 
 However it should be considered that even if transcriptomics studies depict stress-induced 
changes in the transcriptome, it cannot be supposed directly that a change in abundance of any 
particular gene has any relevance to the physiology of either the cell or the whole plant and 
transcript abundance does not necessarily justify the ultimate activity of the gene product 
(Deyholos 2010). Also it cannot be deduced if two or more plants show same physiological 
behavior, they should show the same or similar pattern in differential gene expression. This 
comes from complexity of RNA revealed by RNA-Seq approach. 
 
Omics, RNA-Seq 
The omics including genomics, transcriptomics, proteomics and metabolomics are four main 
axes of plant system biology approaches which provide with a detailed knowledge about 
functions of a molecular system with emphasis on specific moments and conditions under study. 
Genomics scrutinizes the genome; transcriptomics studies structural and functional analyses of 
transcriptome as different types of RNA including coding and non-coding, proteomics 
accomplishes study of protein and post-translational protein modification and metabolomics 
provides a powerful tool to analyze various metabolites produced and expressed in a biological 
system.  
The complex molecular drought response in plants can be deciphered with the help of different 
‘omics’ study. The main objective of these ‘omics’ approaches in drought stress are to find out 
the genes involving in plant water deficit responses, the molecular interaction, their relationship 
with the distinct functional and regulatory pathways and to process the information that connects 
specific pathways with specific molecular responses. 
Transcriptomics is the study of the whole transcriptome or any type of RNAs. Different RNA 
sequencing methods have been developed to sequence RNA. The list starts with Sanger 
sequencing of cDNA or EST libraries (Boguski et al. 1994; Gerhard et al. 2004) but this 
approach is relatively low throughput, expensive and generally not quantitative. Then Tag-based 
methods were introduced to surpass Sanger sequencing limitations. These approaches include 
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serial analysis of gene expression (SAGE) (Velculescu et al. 1995; Harbers and Carninci 2005),  
cap analysis of gene expression (CAGE) (Shiraki et al. 2003; Nakamura and Carninci 2004; 
Kodzius et al. 2006) and massively parallel signature sequencing (MPSS) (Brenner et al. 2000; 
Reinartz et al. 2002; Peiffer et al. 2008). These tag-based sequencing approaches (SAGE and 
CAGE) are high throughput and can provide precise, ‘digital’ gene expression levels.  
However, some disadvantages limit the use of above mentioned methods such as 1) being 
expensive due to Sanger sequencing technology basically used, 2) not being able to map a 
significant portion of the short tags uniquely to the reference genome, 3) analyzing just a limited 
portion of the transcript and 4) not being able to study isoforms as indistinguishable transcripts. 
Also these disadvantages make the use of traditional sequencing technology limited in annotating 
the structure of transcriptome (Wang et al. 2009).  
Recently during the last years, high-throughput DNA sequencing methods have developed and 
introduced a new method for both mapping and quantifying transcriptome. This novel method, 
termed RNA-Seq (RNA sequencing) uses high-throughput sequencing known as next generation 
sequencing methods through cDNA synthesis. RNA-Seq has revolutionized the manner in which 
eukaryotic transcriptomes are analyzed. RNA-Seq is the first sequencing-based method while the 
other methods use Sanger sequencing method that is based on gel and radiophotography. It 
analyzes and investigates the entire transcriptome in a very high-throughput and quantitative 
manner. RNA-Seq does not rely on previously known detecting transcripts. This makes RNA-
Seq particularly attractive for non-model organisms with genomic sequences that are yet to be 
determined.  
RNA-Seq can disclose the specific location of transcription boundaries, exon-exon connection, 
and splice junction. These make RNA-Seq useful for studying complex transcriptomes (Wang et 
al. 2009). Another advantage of RNA-Seq relative to DNA microarrays is that RNA-Seq has 
very low background signal noise because DNA sequences can been unambiguously mapped to 
unique regions of the genome and sequences directly are determined. RNA-Seq does not have 
any quantification limit as it can covers a large dynamic range of expression levels over which 
transcripts can be detected while microarrays lack differential expression detection sensitivity 
and have a smaller dynamic detection range of gene expression and determination of transcript 
abundance.  
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Showing highly accurate for quantifying expression levels, RNA-Seq results correlate with the 
data determined by RT-qPCR (Nagalakshmi et al. 2008; Costa et al. 2013) and spike-in RNA 
controls of known concentration (Mortazavi et al. 2008). Reproducibility of biological and 
technical replicates of RNA-Seq results have been reported and confirmed in different studies 
(Cloonan et al. 2008; Lister et al. 2008; Marioni et al. 2008; Mortazavi et al. 2008; Wilhelm et al. 
2008; Nagalakshmi et al. 2010; Hansen et al. 2012; Qiu et al. 2012; Zhao et al. 2014).  
Reverse-transcription Real Time quantitative PCR, quantification RT-PCR, qRT-PCR or RT- 
qPCR now represents the method of choice for analyzing gene expression of a moderate number 
of genes in anywhere from a small number to thousands of samples. Gene expression analysis by 
RT-qPCR has been a key enabling technology of the post-genome era (VanGuilder et al., 2008). 
These methods are known as complementary methods by which someone can validate and 
confirm results from other approaches, tag-based sequencing methods, and so on. 
 
RNA-Seq and drought study in plants 
More than 100 different studies of plant transcriptomics responses to salinity or drought-related 
stress have now been published while using microarrays or related high-throughput proﬁling 
technologies (Deyholos 2010). However as RNA-Seq is very young in transcriptomics studies 
there are few articles done on drought stress study in plants using RNA-Seq. The following 
examples have been reported using RNA-Seq in some plants such as maize (Zea mays L.) 
(Kakumanu et al. 2012), soybean (Glycine max) (Vidal et al. 2012), Arabidopsis (Gulledge et al. 
2012), eucalyptus (Villar et al. 2011), upland cotton (Gossypium hirsutum L.) (Bowman et al. 
2013),  Agave deserti and Agave tequilana (Gross et al. 2013), quinoa Chenopodium quino 
(Raney et al. 2014) to generate transcriptome profiles and differentially expressed genes in 
response to drought stress.  
According to the applications of RNA-Seq; determining sequencing of genes and their 
differential expression level in different situations, it is possible to use it as a suitable tool in 
order to find genes related to drought response in oil palm, as done in this project. The current 
study adds a worthy value on drought research in oil palm as to our knowledge it is the first 
report of RNA-Seq study on oil palm drought study field. 
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Abstract 
Drought, water deficit, dehydration or water deprivation, is the main stress with a negative 
impact on plants in terms of yield, performance, growth and development. It alters plant 
life from the biome and whole plant to cells and molecules. The study of plant responses to 
dehydration is considered a complex biological and interdisciplinary topic, as plants 
respond via different mechanisms and manners to it. Biological studies, mostly at the 
ecological, morphological, anatomical, ecophysiological, physiological, biochemical, 
cellular, molecular and omics like genomics and transcriptomics or combinations of them, 
have been conducted to understand plant responses to water deficit and to improve plant 
drought tolerance. Plant responses to drought are classified into seven groups, including 
scape, avoidance, confrontation, tolerance, resistance, abandon and evolution.  Different 
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plant responses to drought in distinct scales overlap each other by crosstalk, interactions 
and common components. This review is intended to briefly explain how plants react and 
endure water deficit by different means and which methodology can be used to study plant 
drought stress responses. Finally xerology, xeromics and xerome are also introduced as 
state-of-the-art disciplines, with an approach and terminology suggested as a new 
biological branch to study drought stress.  
Keywords: drought, xerology, xeromics, xerome, water deficit, RNA-Seq   
Introduction 
Environmental factors that hit high or low extremes can be considered stressors that affect 
plants’ lives in different patterns and by distinct mechanisms. Drought stress as one of the 
main environmental cues can decrease plant production in very intensive and extensive 
manners [1], ultimately causing plant death.  
Water shortage adversely and unfavorably influences plants at different spatial scales from 
the biome, community, canopy and whole plant to the physiological, cellular, genetic, 
molecular processes and functions [2]. Known as the most important and detrimental 
environmental stress, drought negatively impacts plant growth, development, membrane 
integrity, osmotic adjustment, water relationships, organic acids, carbohydrates, nucleic 
acids, proteins, lipids, waxes, pigment content and photosynthetic activity and severely 
limits plant agricultural yield and performance of crop plants, especially in tropical, semi-
arid and arid regions [3]. Recent global climate change and increasingly erratic weather 
patterns in the future are likely to intensify this undesirable situation [4]. Furthermore, 
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according to some climatic change models, scientists infer that crop loss due to the 
development of water shortage in more regions will further worsen its impact [3].  
Despite efforts to improve major crops for drought resistance by traditional breeding, 
success has been limited due to the lack knowledge of genes involved in the response and 
adaptation to drought stress. Physiological and breeding research on drought avoidance 
and tolerance in crop plants has advanced because of molecular approaches [5]. These 
approaches have been employed to understand plant response, ability and sensitivity and to 
improve important crops. However, the results and information are not yet complete, and 
further investigations on drought science are necessary in order to gain more knowledge, 
comprehension and cognition about soil-water-plant-air relationships and the plant-drought 
response. In crop production, using genetic screening for drought adaptation is a major aim 
when the plant under study is implicitly or indirectly selected for yield stability. 
To provide a better view on how water deficit impacts plants and how plants respond, a 
brief literature review on stress and drought definitions and different scales and forms of 
plant responses to drought has been prepared. This article outlines drought study 
parameters and methods, and finally, three novel terms, xerology, xeromics and xerome, 
will be introduced as new biological topics in the study of drought. This mini-review is 
intended to help readers understand more about drought in plants and to be a valuable 
reference to plant drought literature and research covering an extended area in plant 
drought investigation. 
Definitions of Stress and Drought 
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Stress, which is a physical concept with elastic (reversible) and plastic (irreversible) scales 
[6], refers to an abnormal, non-normal or non-optimal situation. It is most practical to use 
the term stress in its more general sense as an “overpowering pressure of some adverse 
force or influence” [7] or a “constraining force or influence” [8]. Conversely, it can be said 
that it tends to inhibit normal systems from functioning, where systems can be a living or 
non-living organism such as a plant or a machine.  
As a more encompassing definition for biology, stress is considered to be “a significant 
deviation from optimal conditions of life” [9] and/or “different adverse conditions that are 
not necessarily lethal” [10]. It may be moderately tolerable (elastic) or adversely mortal 
(plastic) depending on the deviation and shift level from normal life in the ontogeny of an 
organism. However, it is difficult to find a general and complete meaning and explanation 
for stress in biological texts and literature. As a general biological definition, it can be 
defined as “a critical threshold” where a living organism reacts to environmental cue 
changes and extremes. 
Among environmental factors, water is the most limiting abiotic (non-living) factor to 
plant growth and productivity. Water as the basic material of life has the most prominent 
function in living organisms, and deviations from the optimum situation or restraining 
stress can cause serious problems for the life of plants in terms of photosynthesis, 
respiration, metabolism, yield and production. If the water availability for a plant is 
insufficient, the plant experiences water deficit, which is also known as drought, 
dehydration, water deprivation, desiccation, water shortage, or water stress. The term 
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“water stress” is often used in the physiological context to mean water deficit or drought 
stress.  
Drought, as a meteorological term, is a period without rainfall [9]. Prolonged drought 
reduces the soil water content and leads to water deficit, i.e., a situation in which 
transpirational water loss is higher than water uptake by a plant. Water shortage may occur 
as a result of insufficient moisture conditions influencing plants and inhibiting them from 
growing adequately and completing their ontogeny [5]. Water deficit results from low and 
erratic rainfall and deficient precipitation, poor soil water storage and coarse textured soils 
that retain little water in the root zone, or drying winds causing the rate of transpiration to 
exceed the water uptake by plants [11]. Briefly, drought or dehydration stress means a 
“limitation on the maximal plant performance imposed by water limitation”. It can be 
generally defined as a “critical water amount” or “inadequate water” caused by any factor, 
circumstance or agent. 
Water deficit and limitation is caused not only by lack of water but also by environmental 
stresses such as low temperature or salinity, as these factors share many molecular 
compounds [12] and involve complex cross-talk between different metabolic, signaling 
and regulatory levels [13]. Water deficit is usually accompanied by high temperatures and 
solar radiation [9]. Plant drought responses involve stress sensing and signaling; changes in 
growth and biomass allocation patterns; water status homeostasis; decreased stomatal 
conductance; CO2 assimilation, osmoregulation and detoxification processes [14]; and 
photosynthesis rate alteration [15], thus covering a wide range of biological responses, 
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reactions and interactions in terms of morphological, anatomical, physiological, cellular, 
and molecular aspects. 
Plant Drought Stress Responses 
Plant responses to water deficit could be ranked from molecular adjustment, genic 
expression and biochemical metabolism through individual plant physiological processes 
to ecosystem scales by intricate mechanisms. General plant responses can be divided into 
seven groups, including scape, avoidance, abandon, tolerance, resistance, evolution and 
confrontation (Figure 1). Although they are grouped as different responses, they overlap 
each other by various common mechanisms, pathways, processes, functions and 
components covering distinct scales from molecules to the biome. Multi-aspect and 
multifunctional processes may simultaneously exist as plant responses to dehydration 
followed by rehydration. 
Drought escape occurs when plants complete their life cycle before severe water deficit 
effects are manifested (e.g., flowering acceleration in annuals species with plant hormonal 
activities); drought avoidance occurs when plants improve water absorption (e.g., 
developing root systems or conserving water by stomatal reduction and leaf area/canopy 
cover decrease); drought tolerance occurs when plants naturally adopt cellular mechanism 
improvement (e.g., osmotic adjustment ability and cell wall elasticity to maintain tissue 
turgidity); drought resistance occurs when plants survive and react via altering metabolic 
pathways under severe stress (e.g., increased antioxidant metabolism, ROS (reactive 
oxygen species) scavenging); drought abandon occurs when plants react to decreased 
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drought influence on the whole-plant scale (e.g., removing a part of the individual, 
shedding elder leaves under water stress); drought preparatory confrontation occurs when 
plants assume a drought-apt process activation by which they can prevent any damage 
from occurring drought before and upon its occurrence (e.g., constitutively expressed 
transcription factors (TF), accumulation of sugars such as fructan and trehalose); and 
drought evolution occurs when plants adopt drought-prone anatomical, biochemical, 
physiological, ecological, functional traits under long-term drought condition via genetic 
mutation and genetic modification (e.g., naturally tolerant plants such as xerophytes and 
trees).  
Plants may be categorized into two types according to their response to drought. Plants 
such as Arabidopsis [16], Zea mays [17], Oryza sativa [18], and Glycine max [19] react to 
drought rapidly over the course of hours to days and are known as “rapid plants”, while 
other plants respond to dehydration over days or months and are known as “tardy plants”; 
tardy plants include Saccharum spp. [20], Elaeis guineensis [21], Olea europaea L. [22], 
Prunus spp.[23], Ziziphus rotundifolia Lamk.[24],  Pinus spp. and many other trees [25]. 
When a plant is exposed to drought, it reacts in response to the stress, but depending on its 
biological character, it shows rapid or late repercussion; late responses are observed in 
trees, and early reactions are observed in herbaceous plants. 
Morphological Responses 
Depending on the level and plant ontogeny, the responses to drought conditions can be 
varied and studied in cytological, structural, and phenological scales in terms of the plant 
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functional structure. The seed, root, shoot, leaf, inflorescence and flower may show 
different patterns to drought, and cells, tissues, organs, the whole plant and the community 
may react in other ways. Cell elongation of higher plants can be impeded due to cessation 
of water flow from the xylem to circumambient elongating cells [26]. Other effected 
processes, including impaired mitosis and cell expansion, result in reduced growth and 
yield traits.  
In seeds, the first drought effect is marred germination and poor strand establishment. 
Drought-tolerant species usually exhibit a xeromorphic anatomy, a thick cuticle and 
sclerophyllous tissues with compact and small cells and enlarged hair and trichome. These 
response types can be observed in plants exposed to drought depending on the abilities of 
the species to create and generate such anatomical-morphological features, as seen in 
Mediterranean, semiarid, arid plants, and these plants are known as drought-tolerant plants 
with the ability to improve adaptation [27].  
The number of leaves and the leaf size, length, area and longevity ascribed to suppression 
of leaf expansion are adjusted and reduced during water deficit due to inhibitory effects on 
leaf expansion and development in order to balance the water budget at the cost of yield 
loss. Growth-related trait disability in terms of plant height, leaf area, number of leaves per 
plant, cob length, fresh and dry weight of the shoot or plant has been reported [17]. 
Additionally, root growth, density, proliferation and size are other responses to plant 
drought stress [28].  
Physiological Responses 
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Physiological responses to drought involve several mechanisms, including water 
relationships, gas exchange, photosynthesis and related processes, plant hormones and 
more.  A significant increase in ABA levels due to dehydration, loss of cell turgor or cell 
membrane perturbation has been reported [29]. The gas exchange parameters of crop 
plants are likely impeded because of a decrease in leaf expansion, impaired photosynthetic 
machinery, premature leaf senescence, oxidation of chloroplast lipids and changes in the 
structure of pigments and proteins [30].  
Previous studies have shown that the first physiological response of plants to water deficit 
is stomatal closure in order to impede transpirational water loss that causes damage and 
decreases the rate of photosynthesis [1]. There are also non-stomatal mechanisms such as 
changes in chlorophyll synthesis; functional and structural changes in chloroplasts; 
disturbances in the processes of accumulation, transport, and distribution of molecules; and 
reduced activity of enzymes such as Rubisco and fructose-1,6-biphosphate phosphatase 
[3,15,21].  
Compatible solutes or osmoprotectants including amino acids such as proline, 
glycinebetaine, betaines, and octoine; proteins such as LEA or dehydrins; soluble sugars 
such as fructan, sucrose, and trehalose impose water potential gradients in the cell and 
preserve water uptake and transport balance [13]. The accumulation and mobilization of 
such solutes have been observed to enhance tolerance to water stress in plants such as 
Arabidopsis, wheat, beet, barely, rice, soybean, and tobacco [31,32], which strongly 
depends on the rate of plant water stress. Even at high concentrations, compatible solutes 
do not interfere with basal metabolism.  
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Biochemical Responses 
Reactive oxygen species (ROS), which include oxygen ions, free radicals and peroxides, 
form as a natural byproduct of normal oxygen metabolism and play an important role in 
cell signaling. However, during drought, ROS levels increase, resulting in oxidative 
damage to proteins, DNA and lipids [33]. ROS or oxidative stress can directly attack 
membrane lipids, increasing lipid peroxidation, and may cause membrane damage and 
protein oxidation and degradation [34]. ROS augments the content of malondialdehyde 
(MDA) under drought induction. MDA content has been used as an indicator of oxidative 
damage during drought stress [35].  
Plants have developed a complex enzymatic and non-enzymatic antioxidant system, such 
as low-molecular-mass antioxidants (glutathione, ascorbate, carotenoids) and ROS-
scavenging enzymes (superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), 
ascorbate peroxidase (APX)), in order to minimize oxidative stress effects [33]. 
Glutathione S transferase participates in the antioxidant defense system and plays a role in 
plant drought stress response [36]. 
Molecular Response 
Varied types of biological molecules such as nucleic acids (DNA, RNA or microRNA), 
proteins, carbohydrates, lipids, plant growth regulators (PGR) or phytohormones, ions, free 
radicals, and mineral elements contribute to drought stress responses. However, proteins 
are the molecules that are most likely directly involved in the response of plants to drought 
stress, and altering the relative content of different proteins in plants is the chief approach 
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for responding to such stress, e.g., drought-responsive universal stress proteins (USP) such 
as NADP-malic enzymes have been found to be an internal molecular component of the 
drought-resistance species of Arabidopsis, wheat, maize, and rice [4,37]. 
After sensing, processing, and reacting to environmental stress, plants activate the 
expression of related genes to respond to stress. Stress-inducible genes can be defined 
according to their coding products. The first group is classified as functional genes and 
includes genes that encode LEA protein, antifreezing protein, osmotic regulatory protein, 
and enzymes for synthesizing betaine, proline, trehalose and other osmoprotectants; these 
coding products bestow the direct-response function to environmental cues. The other 
group, regulatory genes, includes genes whose coding products play an important role in 
regulating gene expression and signal transduction, such as the transcriptional elements for 
sensing and transducing the protein kinases of MAP and CDP; and transcription factors 
(TF) [4,16].  
However, the products of regulatory genes indirectly affect the expression of functional 
genes with great structural and functional diversity causing crosstalk between different 
response pathways. Some molecules are both functional and regulatory gene products, 
such as ABA, GA, ethylene (ET), strigolactone (SL),  kinases, inositol 1,4,5-triphosphate 
(IP3), diacylglycerol (DAG), phosphatidic acid (PA), phosphatidylinositol 4,5-
bisphosphate (PIP2), phospholipase C (PLC), phospholipase D (PLD), TFs, and 
osmoprotectants such as trehalose, raffinose, fructan, glucan, and polyamines. The 
existence of crosstalk between these gene groups is suggested by the roles and interactions 
observed between them [13].  
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The stress is first perceived by receptors present on the membrane of plant cells such as 
receptor-like kinases (RLK), histidine kinases [38], leucine-rich repeat receptor-like 
protein kinases (LRR-RLKs) and G-proteins. The signal is then transduced downstream 
and is mediated by signaling molecules such as IP3, DAG, PA, and PIP2 by the action of 
enzymes such as PLC and PLD, resulting in the generation of second messengers 
including, but not limited to, calcium, ROS and inositol phosphates [39]. Phosphatases are 
essential modifiers in regulatory networks in addition to kinases.  
Other molecules involved in stress signaling include calcium (Ca
2+
), cyclic nucleotides, 
polyphosphoinositides (PI), nitric oxide (NO), sugars, ABA, jasmonates (JA), salicylic 
acid (SA) and polyamines [40]. Another phytohormone functions in crosstalk and network 
controlling plant responses to stress via many stress- and/or ABA-responsive and cytokinin 
metabolism-related genes [41].  
The second messengers regulate the intracellular calcium level, leading to perturbation in 
the cytosolic Ca
2+
 level sensed by calcium-binding proteins, also known as Ca
2+
 sensors. 
These sensors interact with their partners to initiate a phosphorylation cascade and affect 
the major stress responsive genes or TFs controlling these genes [42].  
Another signaling molecule group that has an established role in signal transduction of 
stress is the G-protein family found in two forms, monomeric and heterotrimeric. The G-
protein interacts with a ligand-bound receptor domain in the cytoplasmic membrane, which 
leads to the exchange of a bound GDP nucleotide for GTP [43]. G-proteins form a 
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complex of three different proteins, G-alpha (Gα), G-beta (Gβ) and G-gamma (Gγ), which 
are activated or inactivated during drought stress [39].  
Another second messenger, PA, which is produced by phospholipase, activates 
downstream targets during water deficit stress. There are two pathways involving PLC and 
PLD in PA signaling. PLC converts IP3 and DAG. IP3 causes the release of calcium into 
the cytosol, while DAG is converted into the second messenger PA by DAG kinase 
[12,44].  
Oxylipins are signaling molecules formed enzymatically or spontaneously from 
unsaturated fatty acids in all aerobic organisms. Oxylipins can be formed non-
enzymatically as a result of oxygenation of fatty acids by free radicals and reactive oxygen 
species. The role of oxylipins in stress signal transduction, stress-inducible gene expression 
regulation, and the interaction of these metabolites with other signal transduction pathways 
in cells have been reported. The induction of oxylipin-mediated processes by different 
approaches has shown improvement in plant resistance [45]. 
ABA and Water Deficit Signaling  
Among the regulated physiological responses, two signal response pathways of drought, 
ABA-dependent and ABA-independent, exist, demonstrating the central role of the 
phytohormone ABA. ABA is deﬁned as a stress hormone because of its rapid 
accumulation in response to stresses and its mediation of many stress responses that aid in 
plant survival when plants are subjected to stresses. ABA concentrations increase during 
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water deficit because this molecule can function in crosstalk between different pathways 
[46].  
When sensing drought, ABA receptors RCARs/PYR1/PYLs bind to ABA. This results in 
inactivation of type 2C protein phosphatases such as ABI1 and ABI2. Then, the protein 
phosphatases lead to kinase activation that targets ABA-dependent gene expression. After 
that, it activates ABA-responsive genes and ABA-responsive physiological process by 
which the plant can modify gene expression and their protein products and also 
consequently influences some ionic channels that function in cellular water balance [47].  
Additionally, G protein-coupled receptor-type G proteins (GPCRG or GTG) that are 
located in the plasma membrane function as another ABA receptor. GTG1/GTG2 seems to 
bind to ABA and integrates cellular ABA signaling that targets expression of other genes. 
The third ABA receptor, known as Mg-chelatase (CHLH/ABAR), is localized in the 
chloroplast and modulates the ABA-dependent cascade and signaling in a plastid-to-
nucleus pathway affecting WRKY40 TF [48].  
Gene Expression Controls Drought Stress 
To cope with stresses, plants respond by reprogramming gene expression, which results in 
stomatal closure; -ical modifications such as anatomical and morphological changes; 
osmolyte accumulation for osmotic adjustment; up-regulation of antioxidant pathways for 
ROS homeostasis; minimizing and repairing the damage caused to the cellular constituents 
including DNA, proteins, enzymes and membranes; and maintaining processes that sustain 
cellular homeostasis under stress, such as posttranscriptional and posttranslational 
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regulation. The expression of genes involved in signaling and regulation as well as gene 
products mediating cellular adaptation are modified [49]. 
Two general gene categories are classified as drought-stress responsive genes, including 
early and late genes depending on the required reaction time to environmental cue changes. 
Upon stress reception, early genes are induced very rapidly and are often expressed 
transiently. These genes do not require synthesis of new proteins, and signaling 
components are already primed constitutively. In contrast, late genes are activated more 
slowly, within hours after stress perception. The majority of genes are categorized in this 
group, and their expression is often preserved by the plant.  
These genes may be involved in multiple metabolic pathways, act as protectants to prevent 
macromolecular aggregation, stabilize or sustain protein and membrane structures, activate 
downstream gene expression and drought-responsive product accumulation, and so on. 
Some stress-responsive genes such as those encoding RD (responsive to dehydration)/KIN 
(cold induced)/COR (cold responsive), TFs, LEA-like proteins (late embryogenesis 
abundant), drought USPs, antioxidants, membrane-stabilizing proteins and osmolytes and 
osmoprotectants are late genes [37,42].  
Gene expression and -omics analyses indicate dramatic changes in the pattern, 
representation and abundance of several genes during stress, and such changes were 
thought to be dependent on transcriptional (induction or suppression of genes), post-
transcriptional (microRNA, RNAi) or post-translational regulation (protein stability and 
degradation) [50]. Interactions between these regulations can result in an epigenetic 
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component of drought response, including histone modification, chromatin remodeling and 
DNA modifications [51]. Phosphorylation, ubiquitination, sumoylation, acetylation and 
methylation act on nucleosome core histones and sumoylation modulates chromatin 
remodeling complexes.     
Transcription Factors, TF 
Transcription factors play very important roles in plant drought responses, as they can 
control expression of genes functioning in different pathways. They are involved in 
signaling, osmoregulation, the antioxidative system, primary and secondary metabolites, 
phytohormones, transcription, posttranscription, and posttranslation [10,18,51,52]. Thus, 
they can be studied in different overlapping scales such as under biological systems and 
networks, as they influence regulatory and functional networks. They may function by 
crosstalk sharing cis-acting elements as common sequence elements, and some TFs, like 
MYB, bHLH, bZIP, AP2/ERF, NAC, WRKY, ZF, and HB, can alter gene expression in 
signaling networks. Conserved sequences known as cis-elements act on TFs in their 
promoter regions induced by drought and may activate other genes involved in plant water 
deficit responses (Table 1). 
Transcription factors are activated by dehydration in a signal transduction cascade. Each 
TF activates a set of target genes, including those required for the synthesis of functional 
genes such as protective molecules, and/or regulatory genes including other TFs. Several 
families of plant TFs play significant roles as intermediates between abiotic stress signals 
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and gene expression alterations. They have been considered to be biological and genetic 
engineering tools to enhance drought stress resistance in plants [53].  
RNA Classes Involved in Drought Responses 
Plants encode, process and accumulate 21–24 nt small RNAs (sRNA), which are classified 
into microRNAs (miRNAs), small interfering RNA (siRNA), trans-acting siRNAs (ta-
siRNAs), natural antisense siRNAs (nat-siRNAs), repeat associated siRNAs (rasiRNAs), 
and tRNA-derived sRNAs (tsRNA)  [54,55]. Another group of 30-40 nt small RNAs, 
referred to as long-siRNAs (lsiRNAs), have been added to the above mentioned list [56]. 
miRNAs and siRNAs have been shown to be highly conserved, important regulators of 
gene expression in plants [57,58].  
A well-known and studied group of small RNAs that is mostly expressed in plants is 
miRNAs, which play essential roles in plant growth, development, and stress response 
[59]. Plant miRNAs cause degradation or inhibition of mRNA target translation, thus 
altering gene expression. They demonstrate near-perfect complementarity with their target 
mRNAs [60–62]. Most plant miRNAs mediate cleavage of the target mRNA [63,64]; 
however, some miRNA targets are not cleaved, but their translation is suppressed [65,66].  
According to various reports, diversified miRNAs are either upregulated or downregulated 
upon stress treatment [67,68].  It has been shown that the expression of miRNAs is also 
altered in response to drought stress and that miRNAs are an integral part of stress 
response regulatory networks in plants. It has been indicated that a generation of novel 
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sRNAs could be an evolutionary pathway in plants to adapt to extreme environments such 
as drought [65].  
These sRNAs regulate the expression of different targets such as argonaute (AGO), MYB, 
auxin responsive factor (ARF), PLD, NFYA, transport inhibitor response 1 (TIR1), general 
regulatory factor (GRF), HD-Zip, proline dehydrogenase (PDH), ERD, pentatricopeptide 
repeat (PPR), peroxidase (POD), copper/zinc superoxide dismutase (CSD), cytochrome C 
oxidase (COX), β-fructofuranosidase, and laccase while up- or downregulating and 
modulating different processes involved in drought response in plants such as ABA 
response, ABA signaling, osmotic stress response, stomatal closure/aperture, auxin 
signaling, root and leaf development, proline accumulation, ROS scavenging, 
photosynthesis, CO2 fixation, transpiration, apoptosis and programmed cell death (PCD) 
[69].  
Epigenetics in Drought Stress 
Epigenetic modifications and regulations, including chromatin and histone modification 
and DNA methylation, occur in the genome by environmental cues, and thus, multiple 
epigenomes are found in a single genome of a plant cell  [50]. Regulation of stress-
responsive genes often depends on chromatin remodeling, the process of inducing changes 
in chromatin structure caused by stress. Changes in the chromatin structure are related to 
modification of the N-terminal tails of histones. Histone modification enzymes, linker 
histone H1 and components of chromatin remodeling complex such as polycomb 
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complexes and histone chaperones are involved in the drought stress responses and affect 
plant stress memory by keeping chromatin in a permissive state  [70]. 
Several chromatin-related proteins, including histone modification enzymes such as 
histone acetyltransferase (HAT), histone deacetylase (HDAC), histone methyltransferase 
(HMT) and histone demethylase (HDM), are involved in this process and therefore 
function as an essential factor for chromatin remodeling in response to stresses [71].  
Additionally, two types of regulation of nucleosome occupancy that function in drought 
stress response, including low nucleosome density in the promoter region, as seen in 
RD29A and RD29B genes, and gradually decreased nucleosome density, as seen in RD20 
and At2g20880 genes, have been reported using ChIP assay with an anti-histone H3 C-
terminal antibody. This might contribute to the rapid binding of the transcription factors, 
such as DRE binding protein (DREB)/C-repeat-binding factor (CBF) and ABRE-binding 
protein (AREB)/ABRE-binding factor (ABF) in response to drought stress [71].  
DNA methylation is divided into hypomethylation or hypermethylation and can be induced 
by stresses causing gene expression changes in some downstream stress-related genes. 
Stress-induced histone modifications can also influence DNA methylation. An increase in 
histone acetylation accompanied by changes in histone methylation patterns and 
derepression of silenced genes has been studied in knockout mutants and RNAi lines of 
stress-inducible HDA6 of Arabidopsis and HDA101 of maize [72]. Approximately two-
thirds of the methylated loci in the Arabidopsis genome are methylated by specific histone 
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modification-dependent pathways, and thus, more stable DNA methylation marks result 
from dynamic histone modification [73].  
Parameters and Methods to Study Drought Stress in Plants 
Drought effects and responses of plants can be studied on different scales depending on 
research objectives, available facilities and target hypotheses.  
In anatomical, morphological and cellular studies, several items can be measured to 
interpret drought effects on plants. Each cell, tissue, organ or whole plant can be used as an 
understudy unit. Roots, leaves, shoots, inflorescences, flowers, fruits, and seeds can be 
investigated by some parameters such as width, length, density, number and diameter as 
growth and development measurements in response to drought. Root measurement units 
include cortex, vascular bundle, phloem, xylem, trachea, and slender; stem measurement 
units include epidermal cells, collenchyma cells, cortex, intravascular sclerenchyma, 
phloem sclerenchyma, trachea, and pith; leaf measurement units include cuticle, epidermis, 
mesophyll, upper and lower epidermal cells, parenchyma, trachea, vascular bundle, outer 
palisade cells, palisade, spongy parenchyma, and stoma; inflorescence and flower 
measurement units include male and female flower, and reproducibility; fruit measurement 
units include number, fruit form, and maturity process; seed measurement units include 
number, reserve, embryo activity, maturity, and dormancy. Other parameters such as stoma 
index, root/shoot ratio, phloem/xylem ratio in different tissues can be measured [23,74,75].  
At the physiological level, the most commonly studied factors are relative water content 
(RWC),  photosynthesis (Pn), maximal photosynthesis fluorescence efficiency (Fv/Fm), 
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transpiration (E), stomatal conductance (gs), leaf intercellular CO2 concentration (Ci), 
water use efficiency (WUE), intrinsic water use efficiency (Pn/gs=WUEintr), carboxylation 
efficiency (Pn/Ci), photosynthetic pigments, and plant growth parameters such as leaf 
numbers, leaf area, leaf height, root length, shoot length, and canopy, dry and fresh matter, 
and biomass. These physiological parameters can be used to find tolerant genotypes, as has 
been done previously for some plants [76].  
In biochemical studies, metabolite adjustments and the measurements of compounds such 
as total soluble sugars (TSS), total carbohydrates (TC), total free amino acids (TAA), total 
phenols (TP), reduced and non-reducing sugars (such as raffinose, fructan, and trehalose), 
enzymatic activities, amino acids (such as proline, glycinebetaine, spermine, spermidine, 
and putrescine), organic acids (such as ferulic acid), rubisco, ABA, H2O2, and MDA are of 
interest and help to screen drought-tolerant and sensitive genotypes [76,77]. These 
metabolites possess biological functions like osmoprotective, oxidative, etc. 
Previously, proteomic approaches, microarray, SAGE, CAGE, and EST have been 
employed to study drought effects on plants by gene expression profiles, gene and protein 
abundance, enzymatic activities, DNA-protein interactions, posttranscriptional, 
posttranslational, regulatory and functional changes and epigenetic modifications [78,79]. 
As next-generation sequencing (NGS) or high-throughput sequencing (HTS) methods 
become more common, RNA-Seq has been used as the method of choice to improve 
transcriptomic profiling because it provides more precise information with more details, is 
cost effective, requires less labor, and generates throughput outputs without previous 
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knowledge about the genes, transcripts and reference genome or transcriptome. RNA-Seq 
has revealed that plant drought responses are more complex than previously thought and 
that drought research at the transcriptomics scale requires deeper consideration. It can 
disclose how plants react under drought conditions and reveal the expression of novel and 
known genes at the –ical, -ar and -omics scales. Additionally, it can reveal more details 
about biological networks, metabolic pathways, and GO terms related to drought response 
in plants than ever before  [80].  
Conclusion 
Drought stress or water deficit is the main problem negatively impacting plants in terms of 
production and yield. The degree and duration of the stress, the developmental stage of the 
plant, the genotypic capacity of species and environmental cues and interactions determine 
how severe the stress is and how it can influence plants. How plants respond to drought is 
one of the most studied topics in biology. In spite of several achievements in understanding 
plant drought-related responses, mechanisms, processes, functions and components, many 
factors at different scales from molecules and cells to the whole plant and biome are yet to 
be uncovered.  
Plant response to drought is more complex than previously expected, and it has been 
discovered that several mechanisms, pathways, genes, and molecules are involved in 
drought response from distinct cellular components, biological processes and molecular 
functions by overlapping issues, crosstalk and interactions among them.  
J مسب هّللا نمحرلا میحرلا َدَعَو ُهّللا َنیرِباّصلا َجَرخَملا اّمِم نوهَرکَی َو َقزّرلا نِم ُثیَح نوبِسَتحَیلا اَنلَعَج ُهّللا مُکاّیِا نِم َنیذَلا ٌفوَخلا مِهیَلَع َو لا مُه نونَزحَی  
23 
 
The need for more tolerant crops requires more investigation at various scales, especially at 
molecular, functional genetics and transcriptomics scales. Investigations at different scales 
such as physiological, cellular, biochemical, molecular responses to drought are well 
documented, but in spite of several achievements, there are many questions yet to be 
answered. As more advanced solutions such as RNA-Seq can disclose more details about 
novel and known genes, it can also reveal gene expression networks and systems biology 
concepts. Gene expression profiling by RNA-Seq via downstream analyses such as GO 
enrichment, co-expression, metabolic pathways can give us opportunities to relate genes 
with different functions involved in distinct and common biological processes and 
molecular functions.   
It may be better to consider and study plant drought response as a whole, but examination 
of different scales from the whole plant and community to genes and molecules 
considering any involving factors may be advantageous. Drought stress investigations 
require a revolution in concepts and studies, especially as the drought problem, water 
shortage and downstream events and pheromones caused by water deficit are incrementally 
exacerbating globally. As drought and its importance are very prominent in biological 
studies, a great need exists to open a biological discipline, which is recommended to be 
named xerology, by which drought will be studied based on water-organism relationships. 
In xerology, an interdisciplinary approach suggested to be called xeromics will study the 
xerome. The xerome is the whole living organism response to drought, water deficit, and 
dehydration conditions. It can involve molecules, genes, cells, mechanisms, pathways, 
interactions, crosstalks, events or any other biological case or feature. The authors believe 
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that by developing this suggested discipline and approach by which drought can be studied 
as an issue for the whole living organism, our viewpoint will be altered and scientific 
solutions will be opened. 
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Table 1. Transcription factors involving in drought response in plants. The studied 
plants including Arabidopsis thaliana, Brachypodium distachyon, Carica papaya, Cicer 
arietinum, Dendrathema, Glycine max, Gossypium hirsutum, Hordeum vulgare, Oryza 
sativa, Papaver glaucum, Petunia sp., Salicornia brachiate,  Sorghom  bicolor,  Triticum 
aestivum, Vitis vinifera, Zea mays,  cis-elements by which TFs can handle gene expression 
and relevant references are listed. 
Family Gene Species cis-element References 
bZIP 
ABF1, ABF2, ABF3, ABF4 A. thaliana ABREs (PyACGTGG/TC & CGCGTGGC) [81,82] 
bZIP44 G. max GLM (GTGAGTCAT) [83] 
bZIP62 G. max ABRE (CCACGTGG) [83] 
bZIP78 G. max PB-like (TGAAAA) [83] 
bZIP132 G. max GCN4-like motif (GTGAGTCAT) [84] 
Wlip19 T. aestivum NA [85] 
ABI5 O. sativa G-box element (CACGTG) [86] 
bZIP17 Z. mays NA [87] 
bZIP23 O. sativa NA [88] 
AREB1 O. sativa ABRE cis-element (ACGTGCC) [89] 
bHLH 
MYC2 A. thaliana CACATG [90] 
MYC O. sativa CACCTG [91] 
bHLH148 O. sativa  [92] 
MYB 
MYB2 A. thaliana TGGTTAG [90] 
MYB4, MYB6, MYB7, MYB44, 
MYB73 
A. thaliana NA [93] 
MYB15 A. thaliana Type IIG Myb recognition sites [94] 
MYB76 G. max MBSI (TATAACGGTTTTTT) [95] 
MYB92 G. max MBSI, MRE4 TCTCACCTACC) [95] 
MYB177 G. max MBSI [95] 
MYB96 A. thaliana NA [96] 
MYB48 O. sativa Differents sharing with other TFs [97] 
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AP2/ERF 
DREB1A, DREB2A, DREB1B, 
DREB1C, DREB2C, DREB1D,  
DERB2E, CBF1, CBF2, CBF3, 
A. thaliana, Dendrathema,  G. 
max, H. vulgare, O. sativa, 
P.glaucum, S. brachiate,  S. 
bicolor,  T. aestivum, Z. mays 
DRE/CRT (TACCGACAT,  
A/GCCGACNT, A/GCCGACNA/G/C) 
[98–101] 
CBF4 A. thaliana 
ACE, as-2-box, MeJA-like, MYB, ARE, 
MYC (MYC recognition site), LTRE, and 
ABRE 
[102] 
ABI4 A. thaliana, O. sativa, Z .mais CE1 (CACCG), G-box [103,104] 
DRF1 H. vulgare T(T/A)ACCGCCTT) [105] 
DREB- LP1 C. annum NA 
Hong and 
Kim, 2005 
CAP2 C. arietinum DRE/CRT (TACCGACAT) [106] 
NAC 
AF1 A. thaliana NA [107] 
NAC019, 055, 072 A. thaliana CATGTG motif [108] 
SNAC1, 2 O. sativa, S.italica 
NAC recognition sequence (NACRS), 
CATGT followed by a CACG core sequence 
separated by a C 
[109,110] 
NAC2, 3, 4, 5, 6 C. arietinum, G.hirsutum NA [111] 
NAC1,2,3,6, 69, SNAC1, A. thaliana, O. sativa NACRS [112] 
WRKY 
WRKY45 O. sativa NA [113] 
WRKY2, 3, 8, 10, 13, 15, 18, 19, 
21, 25, 28, 30, 35, 40, 54,57, 60, 
63, 70 
A. thaliana, B. distachyon,  C. 
papaya, G. max, V. vinifera 
W-box (TTGAC, T/CTGACC/T) [114–119] 
ZFP 
ZPT2-3 Petunia sp. NA [120] 
ISAP1 O. sativa NA [121] 
C2H2-ZF 
ZF C. arietinum EP1S (TGACAGTGTCA) [122,123] 
RAB17 A. thaliana DRE2 (ACCGAC/G) [124] 
Rab16, Rab21 O. sativa NA [97] 
NF-YA NFYA5 A. thaliana CCAAT box [125] 
HD-Zip 
HB7, HB12, HDZ2,3, 8, 9,  15, 
19, 20, 27, 28, 38, 44, 65, 66, 
78,84,85 
A. thaliana, G. max, O. sativa,  
Zea mays 
CAATNATTG, GTAAT[G/C]ATTAC and 
TAAATG[C/T]A 
[126] 
GATA TIFY5A/JAZ8 A. thaliana, O. sativa  [92] 
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Figure 1. 7 general plant responses to drought. They include Scape, Avoidance, 
Confrontation, Tolerance, Resistance, Abandon and Evolution. They are grouped to 
facilitate the any type of responses in different scale from molecular and cellular to whole 
plant. They can overlap and several crosstalks can be common among them; e.g.: while 
some hormonal genes are activated in Abandon response (e.g. ABA related genes in 
abscission), they also can be active in Avoidance (e.g. ABA related genes in stomatal 
movement). Trehalose can be produced as a Tolerance response component also in trace 
amount it can function and control cellular turgor as a Preparatory Confrontation factor.  
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ABSTRACT
RNA Sequencing (RNA-Seq) is a newly born tool that has revolutionized the post-genomic era. The data produced by RNA-Seq, 
sequencing technologies and use of bioinformatics are exploding rapidly. In recent years, RNA-Seq has been the method of choice 
for profiling dynamic transcriptome taking advantage of high throughput sequencing technologies. RNA-Seq studies have shown 
the transcriptome magnitude, notion and complexity. From 2008, as its introduction year, the relevant reports on RNA-Seq have 
been multiplied by more than 2822 times just in 6 years. RNA-Seq also contributes a more accurate gene expression and transcript 
isoform estimation than other methods. Furthermore, some of the potential applications for RNA-Seq cannot be conducted by other 
methods and as yet are unique to RNA-Seq. As RNA-Seq approaches increase in speed and decrease in cost, more distinct researches 
are applied and become more common and accurate. RNA-Seq is a cross and interdisciplinary method that interconnects biology to 
other scientific topics. This article describes RNA-Seq approach, technologies, methodologies, implementation, and methods done 
so far in characterizing and profiling transcriptomes.
Keywords: HTS High Throughput Sequencing, NGS Next Generation Sequencing, RNA-Seq, transcriptome, gene expression
RESUMEN
En los últimos años, la técnica RNA-Seq ha tenido un desarrollo acelerado y se ha convertido en el método de elección para el estudio 
y la caracterización de los transcriptomas dinámicos, aprovechando las tecnologías de secuenciación de alto rendimiento. Estudios 
aplicando RNA-Seq han mostrado la magnitud, noción y complejidad del transcripotma. A partir de 2008, año de introducción de la 
técnica, los estudios con RNA-Seq se han multiplicados por más de 2822 veces sólo en 6 años. Al compararse con otros métodos, los 
estudios empleando RNA-Seq contribuyen a una estimación más precisa de la expresión génica y de las isoformas de los transcriptos. 
Además, algunas de las aplicaciones potenciales de RNA-Seq no se pueden llevar a cabo con otros métodos. El uso de RNA-Seq 
aumenta la velocidad de obtención de información y disminuye los costos, logrando con su uso, que investigaciones diversas se 
vuelvan más frecuentes y precisas. RNA-Seq es un método interdisciplinario que interconecta la biología a otros temas científicos. 
En este artículo se describe el planteamiento de la tecnología RNA-Seq, metodologías y los métodos realizados en la caracterización 
de transcriptomas.
Palabras Clave: secuenciación con alto rendimiento, próxima generación de secuenciación, RNA-Seq, transcriptoma, expresión 
génica
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INTRODUCTION
Transcriptomics is the study of the transcriptome of a 
living organism. The transcriptome is the complete set of 
transcripts and its amount for a specific developmental stage 
or physiological state and can be described as a complete 
list of all classes of RNA molecules i.e. coding or non-
coding when expressed in a particular cell, tissue or organ. 
Transcriptome perceiving and apprehending is essential 
for genomic functional element performance to reveal 
molecular components of cells and tissues, their biological 
functions and effects, to decipher environmental cues and 
their relation with and effects on functional genome and 
transcriptome, to comprehend development and disease, to 
understand gene expression and coexpression, to disclose 
biological networks, systems biology and expression 
networking, to perceive epigenetic events, and to know more 
on living organizations from molecule and cell to biome and 
biosphere.
Key objectives of transcriptomics are to catalog all 
species of transcripts including mRNA, antisense RNA and 
small RNA; to determine the structure of gene transcription 
depending on the starting points, 5’ and 3’ ends, splicing 
patterns and other post-translational and transcriptional 
modifications and to quantify levels of each transcript 
expression change during development under different 
conditions (Wang et al., 2009).
In parallel to transcriptomics there are other special 
transcriptome approaches called metatranscriptomics 
and bacterial transcriptomics that generally talk about 
virus, microbes and bacteria in environment, where can 
be any place that microorganisms live. The extraction and 
analysis of metagenomic mRNA or metatranscriptome 
provide information on structure, function, regulation and 
expression profiles of complex communities of prokaryotes, 
bacteria, virus and microbes in milieu. Metatranscriptomics 
offers the opportunity to reach beyond the community’s 
genomic potential as assessed in DNA-based methods, 
towards its in situ activity by disclosing metatranscriptome. 
Also it can be used as a catalog of organisms found in under 
study ambience and as an evolutionary tool.
After 1964, the year of the first published RNA sequencing 
report and also after introduction of Northern Blot and RT-
PCR as two other methods of RNA and transcriptome study, 
the sequencing world has seen a revolution and passed 
different steps to reach to RNA-Seq (Table 1). Several 
technologies have been developed to derive and quantify the 
transcriptome, including hybridization and sequence-based 
approaches.
Hybridization based methods mainly known as 
microarrays are based on fluorescently labeled cDNA and 
hybridization of unknown target samples with previously 
known transcripts and are grouped in custom-made or 
commercial high-density oligo microarrays. Also it is possible 
to create specialized and customized microarrays according 
to the research aims. To determine different splicing 
isoforms, arrays with probes spanning exon junctions can 
be designed. They need previous information about the 
transcripts whose expression is desired to reveal and it is 
not possible to detect unknown genes and novel transcripts. 
Unlike hybridization-based, sequence-based approaches 
detect directly cDNA sequence.
Originally, cDNA or EST libraries were sequenced by 
Sanger sequencing approach but it did not continue as this 
approach is costly and just qualitative not quantitative and 
lacks relatively for desired performance. Methods based 
on tags (Tag-based) including Serial Analysis of Gene 
Expression (SAGE), Cap Analysis of Gene Expression (CAGE) 
and Massively Parallel Signature Sequencing (MPSS) were 
evolved to overwhelm the mentioned limitations.
The automated method of Sanger is referred as the 
“first generation” technology, and new methods possessing 
different applications in genomics, metagenomics, 
epigenomics, functional genomics, transcriptomics and 
single-cell sequencing are known as Next-Generation 
Table 1. RNA history. History of progresses and developments of RNA and transcriptome studies (adapted and modified 
from (Morozova et al., 2009) ).
Year Hits 
1964 First RNA molecule sequencing
1977 Development of Northern Blot technique and Sanger sequencing method 
1988 The first experiment reports of RT-PCR for transcriptome analyses 
1991 The first study of high scale EST
1992 Introduction of Differential Display (DD) technique for differentially expressed gene discovery 
1995 Introduction of SAGE and microarray 
2003 CAGE 
2005 Introduction of first technology of next generation sequencing to the market
2008 The first report for RNA-Seq
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Sequencing (NGS) or High-Throughput Sequencing (HTS). 
From the first time in 2005 presented to the market by 
“Roche” as the sequencing method of “454 Pyrosequencing”, 
NGS technologies has had a tremendous influence on 
genomics and transcriptomics field (Nyrén, 2007).
Next-generation sequencing technologies have been used 
for sequencing as standard application such as genome 
sequencing and re-sequencing, and also for new applications 
previously unexplored by Sanger sequencing method such as 
DNA-Seq (DNA sequencing), RNA-Seq (RNA sequencing), 
ChIP–Seq (Chromatin Immunoprecipitation sequencing), 
ChIP coupled to DNA microarray (ChIP-chip), Methyl-Seq 
(Methylation sequencing), MethylCap-Seq, Methyl-C-Seq 
or BS-Seq (Bisulfite sequencing) and other NGS based 
approaches for epigenomics.
According to Lister et al., (2009) these technologies 
have been used to study the genome sequence variations, 
ancient DNA, methylation of DNA cytosine, DNA-protein 
interactions, mRNA expression, alternative splicing, small 
RNA populations, posttranscriptional, posttranslational 
and regulation events of mRNA. The advantages of NGS 
platforms such as money saving and low cost, data analysis 
ability by software and bioinformatics tools allow obtaining 
massive sequence data more simply and affordably and 
have opened new horizons to understand global processes 
regulating gene expression.
RNA-Seq can help us find expression levels of transcripts 
and genes during ontogeny of an organism and understand 
more about functional genome and transcriptome. From 
2008, the year of the first RNA-Seq publication to 2014, an 
increasing growth from 74 to 208,892 runs in Sequence Read 
Archive (SRA) database (http://cell-innovation.nig.ac.jp/cgi-
bin/pub_stat/pub_stat_all.cgi, data accessed and taken in 
Aug. 2014) has been reported, i.e. more than 2,822 times 
more reports in just about 6 years (Figure 1). This shows 
how RNA-Seq has been important and contributed on 
transcriptomics and RNA studies as some of its applications 
are considered newly presented utilizations which are not 
applicable in other methods.
In this article our attention will be on NGS technologies, 
platforms, methods and tools, in functional genomics and 
transcriptomics research, focusing on RNA-Seq. RNA-
Seq approach is discussed in details based on a general 
workflow and some of its applications are presented. The 
article continues with RNA-Seq challenges and suggested 
solutions.
RNA-SEQ APPROACH
“RNA-Seq” term applies to any of several different methods 
of HTS or NGS used for obtaining whole transcriptome 
profiles of RNA both in terms of type and quantity that 
can be studied in cell, tissue, organ, whole organism, 
community, ecosystem or biome scale. RNA-Seq ability to 
discover previously uncharacterized mRNA isoforms and 
new classes of non-coding RNAs represents why this fast 
developing technology is used excessively, assuming a key 
role in the analysis of RNA.
Each of NGS or HTS technologies can be used as RNA-
Seq methodology. Illumina/Solexa, Applied Biosystems ABI 
SOLiD, 454 Pyrosequencing Roche Genome Sequencer, 
Figure 1. The RNA-Seq growth rate. The annual statistics for RNA-Seq reports from 2008 as the first year of introduction of 
the methodology to 2014 is shown. RNA-Seq has grown by a 2822-time rate during 6 years. In total 325,792 run data has 
been counted under RNA-Seq field in SRA Statistics (http://cell-innovation.nig.ac.jp).
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PacificBio or combination of them have been applied 
as different RNA-Seq platforms and are being reported 
tremendously. Although they are based on a same principle, 
i.e. to generate RNA sequencing data, they are different 
regarding to price, throughput, read length and generation 
and error rate (Loman et al., 2012) .
Hereinafter, we present a suggested workflow that can 
be considered and employed in each RNA-Seq study as a 
basic starting point. There are three important basic steps 
in RNA-Seq including “wet-lab” part, “in equipo” part, and 
finally “in silico” part, qua shown in details in Figure 2 as an 
RNA-Seq overall workflow.
“Wet-lab” as laboratory section includes experiment 
design according to the expected aims of research and then 
relevant subsequent procedures toward obtaining a pure 
and without contamination RNA extraction in order to 
detect the fragments that give better and more precise reads 
in downstream steps.
“In equipo” as sequencing section in almost all cases is 
done following the protocols and procedures and using kits 
recommended by each platform technology. This part also 
can include the last part of wet-lab part that is cDNA library 
preparation to run in the sequencing machine depending on 
library construction strategies of the used platform.
“In silico” as bioinformatics section is how to analyze 
sequencing data precisely and correctly according to project 
objectives, requirements, tools and available programs to 
have more reliable results. However the programs are enough 
reliable in most cases as increasing publications comparing 
distinct programs used for each part of analyses like 
assembly (Schliesky et al., 2012) and differential expression 
(Soneson and Delorenzi, 2013) mostly have explained that 
the results of a program can confirm and validate the results 
of other programs and regarding to researcher design and 
aims, most of them work well and are reliable enough to use 
in replace of each other or in parallel.
Each steps of an RNA-Seq project can face some 
drawbacks those can be problematic if not alleviated. In wet-
lab step RNA quality, quantity and purity, RNA degradation 
and ribosomal RNA elimination can be mentioned those 
affect the results of RNA-Seq. RNA extraction quality 
is crucial as all analyses are done based on RNA input. 
However some techniques have been provided by which 
RNA can be processed even in low-input cases to ameliorate 
RNA extraction quality, quantity and purity.
In equipo drawbacks can be listed as not enough 
economical prices of either sequencing machines or services 
offered by sequencer companies to allow RNA-Seq available 
Figure 2. RNA-Seq overall workflow. It starts with sample preparation and extraction followed by sequencing and finalizes with bioinformatics 
tasks and analyses. Three parts as “wet-lab”, “in equipo” and “in silico” are shown with the required tasks in each step.
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to all research teams those have limit budget, technology 
limits like read length, read accuracy and sequencing time. 
To solve such in equipo problem, multiplexing methods are 
available to handle many samples in one same sequencing 
run by different barcodes in order to decrease sequencing 
expenses. However library construction is the most expensive 
part of sequencing that cannot be solved by multiplexing as 
each sample needs to have its own library.
Required high performance computation unit, lacking 
available suitable software and hardware to handle the data 
completely and adequately are some impediments for in 
silico. The solutions for the mentioned shortcomings will be 
discussed later.
Designing project run
Some items are subject to be considered as the design 
basics of RNA-Seq such as sequencing depth, technical 
and biological replication, efficient experimental design, 
multiplexing technical and algorithmic approaches 
(Robles et al., 2012). It is possible to design a RNA-Seq 
project in four forms: biologically unreplicated unblocked 
design, biologically unreplicated balanced block design, 
biologically replicated unblocked design, and biologically 
replicated balanced block design (Auer and Doerge, 2010). 
In these forms balanced block is considered as different 
sequencing in different lanes of a same plate of machine. 
However the results of a unreplicated unblocked design 
can be reliable and acceptable as in RNA-Seq published 
articles “no biological replication” is common (Auer and 
Doerge, 2010).
Required RNA samples
Basically mRNA is required for RNA-Seq to obtain 
transcriptome, while depending on the project aims, other 
types of RNA like total RNA, small RNA, microRNA and 
non-codifying RNA are also mentioned as RNA-Seq required 
material. It is common to prepare a RNA pool from different 
under study replicates as the accuracy of pooled RNA-Seq 
remains comparable with pooled genome resequencing 
(Konczal et al., 2014) and as it can cover and give general 
transcriptomics profile of all individuals if they are not very 
variant. The mRNA is purified from total RNA using a kit 
to enrich poly(A) mRNA. To purify mRNA from total RNA, 
there is a good method using magnetic beads to obtain 
mRNA according to poly (A) oligo system (Mortazavi et al., 
2008) that is used in some kits for mRNA purification from 
total RNA or directly from tissue. When mRNA is used for 
sequencing, ribosomal RNA is eliminated by available kits 
to improve RNA extraction (Sooknanan et al., 2010) and to 
meliorate subsequent results.
Considering differences between Eukaryotic and 
Prokaryotic mRNA, the methodologies of handling RNA in 
Eukaryotes are different from Prokaryotes. Eukaryotic mRNA 
life span is longer than of prokaryotes, prokaryotic mRNA 
undergoes very little posttranscriptional changes and have 
short time interval between transcription and translation 
but eukaryotic mRNA are subjected to posttranscriptional 
modifications like Poly(A) tail, Guanylate residue capping 
at 5’ end, heterogeneous mRNA, slicing and pertinent 
modifications.
For prokaryotes total RNA can be extracted using 
methods like salt fractionation, TRIzol reagents employing 
guanidium isothiocyanate and phenol solution and silica-
membrane binding RNA column. Then mRNA is purified 
and enriched using 5’-Phosphate-Dependent Exonuclease 
and poly (A)-based magnetic beads to remove rRNA and 
mRNA from eukaryotic sources and DNase I treatment to 
eliminate DNA contamination.
The problem of RNA extraction is mainly degradation by 
RNases found everywhere from any living organism source. 
Also RNA degradation may occur during saving tissues in 
inadequate conditions. Some solutions are available to 
eliminate RNases and alleviate RNA degradation either in 
saving step (known mainly as RNAlater reagent) to conserve 
tissues or in extracting step (known as RNase AWAY or 
RNase ZAP reagents) to clean working surface and tools 
and to eliminate RNases. When extraction starts, the buffers 
used in extraction process, protect RNAs by deactivation of 
RNases.
Another problem is RNA purity and required amount. 
Purity should be considered when extracting RNA. The ratio 
of 260/280 can give an idea about how pure RNA extraction 
is as nucleic acids are measured at 260nm and proteins and 
other compounds at 280nm. Acceptable range of 260/280 
ratio for RNA is 1.8 -2.1 with the optimum value of 2. In case 
of impurity, it is less than 1.8 and it may be more than 2.3 
due to RNA degradation.
Depending on the platform the amount of RNA can 
be different to have a good coverage. In Illumina as the 
predominant technology, 1 µg of RNA is sufficient to have 
reliable data considering the number of samples those 
are run in one lane of each plate. Each run of Illumina 
HiSeq2000 machine can sequence > 2 human genomes 
at 30X coverage that means about 2 billion reads each ~ 
101 bp in Paired-End style in one run. Thus to have a 10X 
coverage of a transcriptome with about 100 Mbp (Mega 
base pairs), there needs 1 Gbp (Giga base pairs) data that 
can be generated from one hundredth of a run meaning 100 
samples in each.
About more or less than 5% of genome can be considered 
as transcriptome (Table 2) by which it may calculate and 
determine reliable coverage. However in an Arabidopsis 
study based on Shannon entropy, it has shown that only 
250000 reads or 5000 transcripts can be used to have 
reliable data for gene expression profiling and for each 
lane of Illumina up to 400 samples can be run theoretically 
covering 90% of transcripts to obtain trustworthy results 
(Kliebenstein, 2012).
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cDNA and library preparation
mRNA must be converted to cDNA by reverse transcription 
reaction using random primers and/or Oligo dT primers. The 
advantage of using the latter is that most of cDNA should 
be produced from polyadenylated mRNA thus obtained 
sequence results are informative (not ribosomal) (Wilhelm 
and Landry, 2009). In order to construct cDNA and relevant 
libraries, special kits are specifically used for each platform 
according to its technology and recommendation. When 
library preparation is done and cDNA fragments are created, 
keeping information of mRNA is the most important factor 
to have clean and intact results and data.
Also FRT-Seq approach has been presented that uses Poly 
A+ RNA as the template rather than cDNA, is strand-specific, 
amplification-free, compatible with paired-end sequencing, 
and reverse transcription takes place on the flowcell 
surface (Mamanova et al., 2010). Random oligonucleotide 
primer approach is available to synthesize cDNA from any 
prokaryotic source.
SEQUENCING AND IN-USE PLATFORMS
All platforms share the same basic principle of total RNA 
isolation, mRNA purification, cDNA construction and 
attachment to a solid matrix of a single piece of cDNA by 
limiting dilution, followed by amplification of this molecule 
through a specialized emulsion PCR (emPCR) in SOLiD, 
454 Pyrosequencing, Ion Torrent, or a connector based on 
the bridging reaction (Illumina), while Pacbio or Pacificbio 
technology does not need to amplify cDNA and performs 
sequencing directly from the target cDNA.
The cDNA transcripts of identical RNA molecules can be 
sequenced in parallel, either by measuring the incorporation 
of fluorescent nucleotides (Illumina), fluorescent short 
linkers (SOLiD), by the release of the by-products derived 
from the incorporation of normal nucleotides (454), 
fluorescence emissions or by measuring pH change (Ion 
Torrent). In Table 3 different platforms are compared with 
more details regarding to their features, specifications and 
technologies.
Regarding to available information on RNA-Seq library 
strategy runs for different platforms in SRA, Illumina is 
located at the top with more than 94.2% runs followed by 
ABI SOLiD, 454 Roche, Ion Torrent, Helicos HeliScope, and 
Pacific Bio, respectively (Table 4).
Illumina/Solexa
This technology has been developed based on modifying 
dideoxynucleotide terminator used in Sanger sequencing 
method. Illumina has designed a reversible version of 
termination known as cyclic reversible termination (CRT) 
(Metzker, 2010). During sequencing, each modified dNTP 
is bound to a fluorophore specific base that becomes 
fluorescent when incorporated into the DNA fragment. 
The emission is recorded by a high resolution camera. This 
process is repeated in each cycle as occurring incorporation 
of one labeled dNTP followed by taking a picture of 
fluorescent, and removing the terminator.
In this method, fragments are amplified by bridge 
PCR that is amplification in constructed bridge among 
fragments. The fragments hybridize to a set of forward and 
reverse immobilized primers in the substrate corresponding 
to the adapters used to prepare the library. Several million 
clusters can accumulate in each of the independent 
set channels existing in the flow cell, where sequencing 
reactions occur.
SOLID
The initial technology was described in 2005 and the first 
machine was released by Applied Biosystems in 2007. 
The DNA or cDNA fragments are denatured and fixed on 
magnetic beads, following the strategy; one fragment for 
each bead. The library is amplified by emulsion PCR and 
Table 2. Transcriptome and genome amount of some organisms. To determine acceptable and reliable coverage of RNA-Seq, 5% of genome can 
be considered as transcriptome for both living organisms with disclosed genome or for organisms without reference genome. However for undiscovered-
genome organisms, the close species can be considered to have a general idea about coverage and RNA-Seq run to obtain reliable results.
Organism Genome (Gbp) Transcriptome (Mbp) Percent% Reference
Homo sapiens 2.8 34 1.2 (Adams, 2008)
Mus mus 2.5 31 1.24 (Frith et al., 2005)
Drosophila melanogaster 0.12 22 18 (Frith et al., 2005)
Caenorhabditis elegans 0.1 26 26 (Frith et al., 2005)
Arabidopsis thaliana 0.119 51 42.8 (Gan et al., 2011)
Zea mays 2.5 97 3.9 (Hansey et al., 2012)
Triticum aestivum 17 97.9-151.4 0.57 – 0.9 (Duan et al., 2012)
Cannabis sativa 0.821 41 5 (van Bakel et al., 2011)
Elaies guineensis 1.8 92 5.1 (Singh et al., 2013)
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Table 3. Comparison among 5 principal technologies and platforms of RNA-Seq. These technologies are used mostly to do 
RNA-Seq. In this table some features and details about each currently in use platform are listed.
454, Roche Ion Torrent Illumina ABI SOLiD Pacific Bio
Sequencing che-
mistry
Pyrosequencing, Che-
miluminescence
Ion semiconductor
Polymerase-based sequen-
ce-by-synthesis (PBSS)
Sequencing by ligation 
(SBL)
Single Molecule Real 
Time (SMRT™)
Amplification 
approach
Emulsion PCR N/A Bridge amplification Emulsion PCR N/A
Sequencing 
method
incorporation of nor-
mal nucleotides
measuring pH 
change
incorporation of fluores-
cent nucleotides
fluorescent short linkers
Incorporation of fluores-
cent nucleotides
“Paired end” 
Separation
3 kbp 200bp 200 bp 3 kbp 5-20kbp
Gb per run 0.6 -1 Gb 1 Gb 1- 60 Gb 3 Gb 0.3-0.5 Gb
Time per run 7 hours 2 hours 1-10 days 5-14 days 10 h
Read length 700 bp 400 bp 50 to 250 bp 50+35 or 50+50 bp
5,000 bp average; 
maximum read length 
~22,000 bases
Read per run 1 million 5 millions 3 billions 1.2-1.4 billions
Raw sequencing < 1 Gbp 1 Gbp 0.3 -100Gbp 50Gbp 400Mb
Input run type 
library
SE, PE, Mx SE, PE, Mx SE, PE, MP, Mx SE, MP, Mx SE
Output file SFF, fasta, fastq Fastq (Phred +33)
Fastq (Phred +64 & 33, 
Illumina +1.8)
Fastq (Phred +33) Fastq (Phred +33)
Pros
Long reads, mate pair 
long libraries, low raw 
error rate, no need 
high performance 
computation
Fast run, medium 
read size, less expen-
sive methodology
Inexpensive, High output 
sequences, high reads per 
run, different read size 
range, low error rate, wi-
dely used, available bioin-
formatics software, run all 
library run types 
Very low raw error rate, 
colorspace precision, 
No need to amplify 
cDNA, good long read 
length , fast run
Cons
Low output sequen-
ces, relatively expen-
sive, homopolymer 
error, overlapping 
methodology limited 
to specific assembler
Output sequences, 
observed raw error 
rate
Big output file, heavy com-
putation system required, 
long run time, expensive 
equipment, high PCR am-
plification redundancy
Difficulty in data mani-
pulation, assembly due 
dualbase color sequen-
cing method, short read 
lenght
High raw error rate, 
expensive methodology, 
no paired-end and mate 
pair, low throughput & 
reads per run
Website www.454.com
www.iontorrent.
com
www.illumina.com
www.appliedbiosystems.
com
www.pacificbio.com
SE: single end 
read library
PE: paired end read 
library
MP: mate pair read 
library Mx: multiplexed sample
Table 4. Number of runs of each RNA-Seq platform and their percentage. The data were extracted from library strategy data available on SRA 
Statistics of Cell Innovation Program of National Institute of Genetics (NIG), Japan (http://cell-innovation.nig.ac.jp/cgi-bin/pub_stat/pub_stat22.
cgi) (data accessed and taken in Aug. 2014).
Platform # of runs % of sequencing contribution
Illumina 119,962 94.2
ABI SOLiD 4,697 3.7
454 Roche 2,210 1.71
Ion Torrent 251 0.2
Helicos HeliScope 211 0.17
Pacific Bio 24 0.02
Total 127,355 100
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each bead having a set of amplified template is covalently 
bound to the surface of a glass slide, which is inserted into 
a flow cell. Each point in the matrix is called a “polony” 
as an analogy with the bacterial colonies on a plate or 
PCR colonies. SOLiD sequencing strategy is based on 
oligonucleotide ligation hence its name, SOLiD, stands for 
Sequencing by Oligo Ligation and Detection (http://www.
lifetechnologies.com/). It is known as “two-base encoding” 
or dual base encoding method as each base is read and 
defined twice by fluorochrome on separate primer rounds 
with different color codes for the di-base and then the signal 
is registered for each two-base encoding fragment.
454 Pyrosequencing
The principle of pyrophosphate detection as the base of the 
system was described in 1985 and in 1988 a new sequencing 
approach was released using this basic principle. However 
Pyrosequencing system was first introduced in 2005 
(Margulies et al., 2005).
According to the official website of 454, this technology 
follows a system workflow as “One Fragment = One Bead 
= One Read” (http://454.com/products/technology.
asp). The fragments are amplified using “emulsion PCR or 
emPCR”, in which each bead is isolated within one drop of 
a PCR reaction mixture, i.e. in an oil emulsion. At the end of 
amplification, each bead contains several million copies of a 
single DNA fragment.
Then, the emulsion is broken, the DNA is denatured 
and the beads are deposited into the wells of a plate called 
“PicoTiterPlate”. The plate contains millions of individual 
wells as sequencing individual reactors where sequencing 
reactions are catalyzed (Margulies et al., 2005). The diameter 
of the wells is made so that only one bead can be accepted 
and enters into each well.
In the reaction in each well, when a nucleotide is added 
to the primer by DNA polymerase, a pyrophosphate 
molecule is released. Pyrophosphate is converted to ATP 
by ATP sulfurylase enzyme, and ATP is used to produce a 
chemiluminescence signal by the luciferase reaction that is 
registered as sequencing continues.
Ion Torrent sequencing
The technology was introduced in 2010 by Ion Torrent 
Systems Inc. that previously had been licensed by DNA 
Electronics Ltd. (www.lifetechnologies/iontorrent). Ion 
Torrent works like 454 Roche following a pyrophosphate 
based pyrosequencing-like platform. Ion semiconductor 
sequencing works by determining when a hydrogen ion is 
released during incorporation of a dNTP to the reaction of 
DNA amplification and is a sequencing-by-synthesis (SBS) 
method. During each incorporation which is uniting all 
complementary nucleotides to the end of each template, 
the product ion is liberated and changes pH. In this manner, 
pH level changes designate whether incorporation occurred 
and, how many consecutive bases were incorporated. 
Then a washing cycle including washing several repetitions 
of a shorter sequence of nucleotides is done and each 
nucleotide during each flow is pre-determined (Golan and 
Medvedev, 2013).
The pH change is detected by an ion-sensitive field-
effect transistor (ISFET) that is a facility to measure ion 
concentration in one solution and is used in biological 
sciences as DNA sensing system (Lee et al., 2009). Then the 
dNTP molecules are washed before the next cycle. In the new 
cycle, the reaction is repeated.
Pacific Bio or PacBio
The base of this technology, introduced in 2003, works 
with Zero-Mode Waveguides (ZMWs) that are simple 
nano-structure arrays in a metal film including subwave 
length holes (Zhu and Craighead, 2012). It offers a 
simple method for studying single-molecule dynamics at 
micromolar concentrations with microsecond temporal 
resolution that can be used in Real-Time DNA Sequencing 
from Single Polymerase Molecules. Sequencing is done in 
SMRT® (Single Molecule, Real-Time) cells where 150000 
of ZMWs with immobilized polymerases exist. The machine 
can monitor all 150000 MZWs at a real time (www.
pacificbiosciences.com).
PacBio RS II is a single molecule sequencing technology 
based on Real-Time DNA Sequencing System, introduced 
by PacBio as SMRT®. This sequencing approach produces 
longest read lengths of any available sequencing technology. 
In SMRT® technology, it is possible to observe DNA 
synthesis by a DNA polymerase in real time.
BIOINFORMATICS, RNA-SEQ ANALYSIS TOOL
Bioinformatics has become a strong tool to analyze the 
complexity of specific firms of cellular RNA and is biological 
analysis gadget. RNA-Seq analysis steps are employed 
to correct, trim and clean primer reads, low quality small 
reads, and other contaminants that may be entangled reads; 
to align and assemble reads; to map reads to transcriptome 
or genome; to quantify exons or genes and finally to analyze 
the data obtained from gene expression in order to respond 
to aim and hypothesis of the study.
Checking quality of sequences is the first step that is 
done in a RNA-Seq research. The routine program by which 
RNA-Seq sequences are quality controlled is FastQC used 
world-widely (Ramirez-Gonzalez et al., 2013). It controls the 
sequencing file and gives information about sequence reads 
(http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Another QC program has been launched called NGS 
QC Toolkit (http://59.163.192.90:8080/ngsqctoolkit/) 
that can check and modify sequences generated by Illumina 
and Roche 454.
To perform better downstream processes, the sequencing 
files need to be ameliorated as they can contain ribosomal 
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RNA, barcodes, primers, contamination and low quality 
reads occurred in wet-lab and in equipo sequencing procedures. 
To cleanse the sequences from these low quality fragments, 
there are different programs such as BlastX Toolkit used 
for sequencing file preprocessing (http://hannonlab.cshl.
edu/fastx_toolkit/), clean_reads as a part of ngs_backbone 
pipeline, ConDeTri, DynamicTrim, NGS QC Toolkit 
and Quake. Also other programs like Biostring (www.
bioconductor.org), Seqclean (http://compbio.dfci.harvard.
edu/tgi/software/), CANGS DB can be used to improve 
the quality of sequences. The SEquencing Error CorrEction 
(SEECER) program, is used to correct sequencing error 
and improve quality of read alignment to the genome and 
assembly accuracy.
Once high-quality ameliorated reads are obtained, the 
first task of data analysis is to assign short reads of RNA-Seq 
as transcriptome to reveal transcription and transcriptome 
structure. There are two general approaches or strategies for 
alignment and assembly RNA-Seq data as de novo assembly and 
mapping using a reference genome (Haas and Zody, 2010).
The first strategy i.e. de novo assembly is applicable to 
discovery the transcripts of the organisms that are missing 
or incomplete in the reference genome and to uncover RNA-
Seq data of non-model organisms. However, the short reads 
assembly itself is difficult, and only the most abundant 
transcripts are likely to be fully assembled (Haas and Zody, 
2010). Some programs like Trinity, SOAPdenovo and 
SOAPdenovo-Trans, Trans-ABySS, Velvet/Oases are those 
with ability of doing de novo assembly.
The second strategy requires a reference genome for 
mapping and aligning RNA-Seq data to a transcriptome 
and is aware of alignment of various short reads of RNA-
Seq to genome followed by transcription reconstruction. 
As some reputable examples of programs capable of doing 
this approach can be mentioned Bowtie2, Cufflinks and 
Scripture. Also GMAP, TopHat2, TopHat are some of other 
well-known available mapping tools those are designed 
for finding the sequence places in reference genome 
where each sequence may come from. For more complete 
information and explanation on a compendium of mappers 
and alignment tools, see http://wwwdev.ebi.ac.uk/fg/hts_
mappers/ introduced by (Fonseca et al., 2012).
Annotation is the next step where BLAST+ and Blast2GO 
are mentioned as two widely used programs. BLAST+ as 
the basic and most used annotation tool is employed to 
annotate sequences against other sequences, genomes, 
databases while online using global databases like NCBI, 
Ensembl and DDBJ or offline by installation the program 
and desired databases locally in the computer. Blast2GO 
is employed to generate data like Gene Ontology (GO) 
categories and terms, KEGG maps, EC enzymes and to 
visualize data from BLAST searches directly or indirectly.
Also there exist many tools available on the Gene 
Ontology project website (http://www.geneontology.org/) 
to annotate sequences. KOBAS 2.0, another annotation 
program, integratively searches among different database 
including GO and KO terms, KEGG PATHWAY and 
Reactome as general pathway databases, Panther and 
PID containing signaling pathways and BioCyc focusing 
metabolic pathways.
Gene expression is one of the main reasons of RNA-
Seq for which many bioinformatics tools exist to quantify 
genic expression among under study samples. RNA-Seq 
gene expression analysis is based on how many reads can 
be mapped to a specific gene. For comparison purposes 
the counts needs to be normalized to minimize influence 
of sequencing depth, gene length dependence, count 
distribution biases and differences.
To normalize and calculate differential gene expression 
there are different methods available such as RPKM 
(Mortazavi et al., 2008): Reads per Kilobase of Exon per 
Million of Mapped reads and FPKM (Trapnell et al., 2010): 
Fragment per Kilobase of Exon per Million of Mapped 
fragments where counts are divided by multiplication of the 
transcript length (kb) and the total number of millions of 
mapped reads; Upper-quartile (Bullard et al., 2010): that 
transcript counts are divided per upper quartile of counts 
with at least one read; TMM (Robinson and Oshlack, 
2010): Trimmed Means of M values when mean of M-values 
is trimmed and is performed on the counts.
Statistical test to determine comparatively significant 
differential expression can be based on one of following 
approaches: Negative binomial distribution (DESeq, 
Cufflinks), Bayesian methods based on an overdispersed 
Poisson model (EdgeR, BaySeq, BitSeq), Empirical Bayesian 
method (Alexa-Seq), Expectation-maximization (RSEM, 
EBSeq), Nonparametric statistics and empirical models on 
the noise distribution of count changes by contrasting fold-
change differences (M) and absolute expression differences 
(D) (NOISeq), Nonparametric empirical Bayesian-based 
approach (NPEBseq), Fisher exact test that compares 
distribution of the count of the nth gene to that of another 
gene by measuring the association between two variables 
including count of gene of interest and normalization factor 
(Bullard et al., 2010) and Bootstrapping (Al Seesi et al., 2014).
In an article comparing edgeR, DESeq, baySeq, and two-
stage Poisson model (TSPM) the results showed that they 
generate results in parallel similarly and closely (Kvam et 
al., 2012). Another comparison has showed that among 
different gene expression programs including DESeq, 
edgeR, limmaQN, limmaVoom, PoissonSeq, CuffDiff 
and baySeq all performed well and accurately resulted in 
correlation with qRT-PCR (Rapaport et al., 2013; Eteleeb 
and Rouchka, 2013).
Single Nucleotide Ploymorphism (SNP) can be analyzed 
using RNA-Seq results. SAM (Sequence Alignment Map) 
generated by mapping and alignment programs is a generic 
format for storing large nucleotide sequence alignments that 
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is used for SNP analyses. To call SNPs, SAM is converted to 
Binary variant Call Format (BFC) file that is converted to 
Variant Call Format (VCF) file where SNPs are determined. 
SAM file stores information about each transcript mapped 
to a reference or assembled de novo. BCF stores the variant 
call for the mapped reads at each reference position. VCF 
is a common file format to store sequence polymorphism 
(SNPs and INDELs) based on a reference position. The 
programs to call SNPs can be Samtools/Bcftools, GATK, 
ngs_backbone and VCFtools.
Alternative splicing as a posttranscriptional process 
occurs in mRNA modification and can be studied by RNA-
Seq using Cufflinks/Cuffdiff, DEXseq, MISO and so on. 
They seek to identify gene isoform expression between under 
studied conditions to reveal how transcriptome can be 
different in different conditions, distinct samples, and how it 
can function regarding to posttranscriptional modifications.
Another RNA-Seq analysis is finding and detecting gene 
fusions. Gene fusion occurs by translocation, deletion or 
chromosomal inversions causing rearrangement and changes 
in chromosomes inflicting problems like cancer. To find 
gene fusions some programs like FusionSeq, SOAPfusion, 
SOAPFuse and TopHat-Fusion can be addressed.
RNA-SEQ APPLICATIONS
The production of large quantities of information with 
low cost reads makes NGS platforms useful for many 
applications. These include the discoveries of resequencing 
specific regions of interest or entire genomes, de novo 
assembly, reconstructing sets of lower eukaryotic, 
prokaryotic and bacterial genomes (Metzker, 2010), 
cataloging the transcriptome of cells, tissues and organisms 
and profiling gene expression and networks. Also they can be 
used to obtain profiles of all genome epigenetic marks and 
chromatin structure with other sequencing based methods 
(ChIP-Seq, methyl-Seq and DNase-Seq), to classify species 
and/or to discovery genes as well as to study metagenomics 
and metatranscriptomics (Metzker, 2010).
Transcriptome sequencing has been used for applications 
ranging from gene expression profiling, annotation and 
detection of rearrangement to discovery and quantification 
of non-coding RNA. As using RNA-Seq has seen a very fast 
increasing 2822-time growth in 6 years, it is likely that a 
number of other applications of RNA-Seq will be released 
in the coming years but these probable future applications 
concretely depend on RNA-Seq output data study and 
analysis that come from bioinformatics as the essential and 
principal tool for analyzing RNA-Seq.
As some examples of current RNA-Seq usages the following 
are addressed: developmental biology (Jones and Vodkin, 
2013), genome diversity (Hansey et al., 2012), cancer and 
diseases in human (Costa et al., 2013), phylogenetic studies 
(Zhang et al., 2014), functional genomics (Rokas et al., 
2012), abiotic and biotic stress responses in plants (Massa 
et al., 2013), SNPs (Quinn et al., 2013), presenting gene map 
and atlas (Sekhon et al., 2013), single-cell RNA sequencing 
(Sasagawa et al., 2013), long intergenic noncoding RNAs 
(lincRNA) (Hangauer et al., 2013).
RNA-SEQ CHALLENGES AND SOLUTIONS
Despite of all advantages and benefits of RNA-Seq, some 
drawbacks remain behind of it. Sufficient quality and 
yield of RNA upon isolation, purity of RNA extraction, 
rapid degradation of RNA, and preparation of samples 
to remove other type of RNA are problematic issues those 
impact RNA-Seq analyses (Peano et al., 2013). In addition, 
there are still other mentionable problems on RNA-Seq 
analyses that remain to solve. As some examples: a need for 
database interpretation based on available data, limitation 
in reproducibility of results with previous data from other 
experiments (Rung and Brazma, 2013), huge information to 
process, outputting very big sequencing files, computational 
complexities for data analyses (Hitzemann et al., 2013), 
requirement for supercomputers, high performance servers 
and high throughput computational systems.
It is too difficult to determine an exact computational 
system required to do RNA-Seq based bioinformatics 
analyses as output file size and data are different depending 
on the technology. However if there is no access to classic 
high performance computation cluster, generally The Cloud 
can be the solution in the cases where the generated data or 
file size are not very big to need high throughput computers 
for data saving, reading, computing and processing.
In this case some available solutions as The Cloud 
Solutions are recommended including but not limited 
to Galaxy (www.usegalaxy.org, www.galaxyproject.org), 
GenePattern (http://www.broadinstitute.org/cancer/ 
software/genepattern), DIAG (http://diagcomputing.org/) 
(This research was conducted on the National Science 
Foundation funded MRI-R2 project #DBI-0959894) and 
iPlant collaborative (http://www.iplantc.org). They are 
mainly shared computational cloud platforms that are 
available for academic and non-profit institutions for 
performing bioinformatics analyses as a high performance 
online solution.
Another alternative solution can be BioLinux (http://
environmentalomics.org/bio-linux/) based on Unix operating 
system that works for both offline as computer operating 
system (OS) and/or online for The Cloud computing. It 
integrates several tools for bioinformatics tasks as well as 
RNA-Seq analyses those are installed on the OS by default 
and user can run them. The drawback of BioLinux is that 
user should be familiar with Linux OS.
Also many web-interface sites are available where one 
can do RNA-Seq tasks online without needing any special 
computation machine. Some websites can be suggested 
such as DEB to run three different algorithms of differential 
expression edgeR, DESeq, bayseq (http://www.ijbcb.org/
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DEB/php/onlinetool.php), TRAPID: Rapid Analysis of 
Transcriptome Data an online tool for analysis de novo 
transcriptomes (http://bioinformatics.psb.ugent.be/
webtools/trapid/), HTSeq to process high-throughput 
sequencing data (http://www-huber.embl.de/HTSeq).
It is worthy to conclude that there are some sites where it 
is possible to find more information and programs for RNA-
Seq analysis as www.seqanswers.com, www.bioconductor.
org and www.rna-seqblog.com.
Although RNA-Seq generates more informative and novel 
results without having prior knowledge about the under 
study organism than other methods, but data analysis, 
explication, dissection, visualization and depiction is still a 
challenge in RNA-Seq studies. RNA-Seq data interpretation 
needs basically information about gene expression, 
biological networks, systems biology, functional genomics 
and transcriptomics and relevant topics.
However obviously such information are not available 
completely even for human or Arabidopsis and other 
organisms those supposed that are well annotated. For 
organisms with non or less genetic information, this is an 
RNA-Seq advantage as it can reveal novel information for 
an organism without having prior information and also can 
add more informative results to the current data on genome-
known organisms. The problem of interpretation is little 
available scientific info about genes, expression, networks, 
and systems. Biological interpretation of biocomputed data 
needs more abilities and tools to connect biology to non-
biological knowledge that RNA-Seq can do it.
CONCLUSION
The NGS technologies are revolutionizing genomics 
and transcriptomics research and allowing faster and 
cost effective generation of large amounts of sequences 
compared to traditional Sanger sequencing. They so far are 
also cheaper, less labor, and taking less time. They can also 
determine and quantify differentially expressed genes while 
Sanger sequencing cannot.
There are many advantages for RNA-Seq such as being 
cost-effective and time-efficient, not necessitate reference 
genome or previously available transcriptome, several 
known and unknown applications that other methods and 
technologies cannot perform. RNA-Seq has altered thinking 
of how to study complexity and dynamics of transcriptome 
and genic regulation. In early RNA-Seq studies, more widely 
expressed genomes and transcriptomes have been revealed 
more complex than expected, giving perception of new 
regulatory mechanisms. These studies have also found 
extensive post-transcriptional regulation of transcription 
structures and sequences (Marguerat and Bähler, 2010).
RNA-Seq has increasingly become the method of 
choice and number one in transcriptomics studies and 
conventional methods like microarrays are being replaced 
by it. Covering a remarkably diverse range of applications as 
a robust approach RNA-Seq has been considered to be the 
best option in new transcriptomics projects.
RNA-Seq is an interdisciplinary and crossdisciplinary 
method that interconnect several scientific fields from pure 
sciences including biology, chemistry, physics, mathematics 
to applied sciences such as biochemistry, biostatistics, 
bioinformatics, and so on. This feature makes it an ideal 
method to respond to the questions like how life goes on based 
on genes, transcripts, proteins and biological products; how 
living organisms react to and interconnect with environment; 
how gene expression and transcriptome function and influence 
living organisms; how different biological organization levels 
from molecule, cell and organism to ecosystem, biome and 
biosphere function, and are related.
This manuscript as a brief review on RNA-Seq intends 
to help interested persons who want to have a general 
view about this valuable approach as the would-be routine 
method in each biological and life science laboratory in any 
level type from small educational laboratories up to the big 
and well-equipped and more specialized research centers 
where it is purposed to work with RNA, transcriptome and 
aim to gene expression investigation.
WEB LINKS FOR RNA-SEQ PLATFORMS
To understand RNA-Seq concepts and how each platform 
works to generate RNA sequencing data, the following links 
are accessible in the Internet.
Illumina
http://www.youtube.com/watch?v=womKfikWlxM
http://www.wellcome.ac.uk/Education-resources/Education-and-
learning/Resources/Animation/WTX056051.htm
454 Pyrosequencing
http://bcove.me/7eidiq1e?width=490&height=274
http://www.wellcome.ac.uk/Education-resources/Education-and-
learning/Resources/Animation/WTX056046.htm
http://www.454.com
Ion Torrent sequencing
http://www.lifetechnologies.com/co/en/home/life-science/
sequencing/next-generation-sequencing/ion-torrent-next-
generation-sequencing-technology.html# or http://www.
youtube.com/watch?v=MxkYa9XCvBQ
SOLiD
http://www.appliedbiosystems.com/absite/us/en/home/
applications-technologies/solid-next-generation-sequencing/
videos-webinars.html
PACBIO
www.pacificbiosciences.com
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Abstract 
The water supply is the main limiting factor controlling the performance of oil palm (Elaeis 
guineensis Jacq.). This study aimed to evaluate gas exchange and photosynthetic capacity, to 
determine physiological effects and assess tolerance potential of oil palm genotypes under water 
deficit conditions. The two oil palm commercial genotypes IRHO1001 and IRHO7010 were 
exposed to -0.042 MPa as field capacity (well-watered) or -1.5 MPa (drought-stressed) and were 
then analyzed. The leaf water potential and gas exchange parameters, including photosynthesis, 
stomatal conductance, transpiration and water use efficiency (WUE) were monitored at 4 and 8 
weeks after treatment to determine the reduction in photosynthesis during drought treatment. The 
IRHO7010 genotype showed fewer photosynthesis changes and less photosynthetic reduction 
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under prolonged water deficit conditions from 23% at 4 weeks after the stress to 48% at the 8
th
 
after treatment than the IRHO1001 genotype that showed 46% and 74% reduction at two 
sampling time as 4 and 8 weeks after treatment, respectively. IRHO7010 had higher stomatal 
conductance and transpiration potential than IRHO1001 during water shortage. The WUE was 
not different between the genotypes during dehydration. The data suggest that IRHO7010 has a 
higher photosynthetic capacity during drought stress and is more drought-tolerant than 
IRHO1001. 
Keywords: African oil palm, drought, Elaeis guineensis, photosynthesis capacity, susceptible, 
tolerant,  
Resumen 
El suministro de agua es la principal limitante del rendimiento de la palma de aceite (Elaeis 
guineensis Jacq.). El objeto de este estudio fue evaluar el intercambio de gases y la capacidad 
fotosintética, para determinar los efectos fisiológicos y para evaluar el potencial de la tolerancia 
de dos genotipos de palma de aceite bajo condiciones de déficit de agua. Dos genotipos 
comerciales de palma aceitera, incluyendo IRHO1001 y IRHO7010 expuestos en -0.042 MPa o 
la capacidad de campo (bien regado) y -1.5 MPa (estrés de sequía), se analizaron. El potencial 
hídrico de la hoja y los parámetros de intercambio de gases, incluyendo la fotosíntesis, 
conductancia estomática, transpiración y eficiencia del uso del agua (EUA) se revisaron a las 4 y 
8 semanas después del tratamiento considerando el porcentaje de reducción de fotosíntesis 
durante el tratamiento. IRHO7010 mostró menos cambios fotosíntesis y menos reducción 
fotosintética al déficit hídrico prolongado desde 23% a 4 semanas después del estrés a 48% en la 
octava semana después el tratamiento que IRHO1001 que mostró 46% and 74% reduccíon en los 
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dos muestreo en 4 y 8 semanas después el tratamiento, respectivamente. IRHO7010 tenía mayor 
potencial de conductancia estomática y transpiración de IRHO1001 durante la escasez de agua. 
EUA no mostró ninguna diferencia entre dos genotipos durante la deshidratación. Los datos 
sugieren IRHO7010 tenía mayor capacidad fotosintética durante el estrés por sequía por lo tanto 
puede ser más tolerante a la sequía que IRHO1001. 
Palabras claves: Palma Africana Aceitera, sequia, Elaeis guineensis, capacidad de fotosíntesis, 
susceptible, tolerante  
Introduction 
During plant evolution, physiological regulators such as stomatal and guard cell adjustment, 
chloroplast reactions, membrane depolarization and expression-to-function signaling have 
developed to save water and optimize water use for later periods (Wasilewska et al., 2008; 
Sirichandra et al., 2009). Research examining the soil-water-plant relationship during drought 
conditions improves our understanding of physiological responses to water deficit. These studies 
are important because the results increase crop efficiency and economic value and can be used to 
genetically improve drought tolerance by discriminating tolerant genotypes which behave better 
in terms of drought response (Zlatev and Lidon, 2012). 
Stomatal closing is the first line of defense against dehydration (Hopper et al., 2014) and plants 
that possess better control of stomatal function and, consequently, of photosynthesis are more 
drought tolerant. Stomata are regulated based on the level of water deficit and may partially 
close, which leads to carbon fixation during drought conditions and improved water use 
efficiency (Benešová et al., 2012). These changes are caused by the low availability of water in 
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the soil, which causes plants to hold water and not lose water to the atmosphere. The water 
conservation prevents dryness and fixes more carbon by distinct pathways. Thus, plants with 
better control of stomatal apertures are more drought-tolerant. 
Photosynthesis is the main process in plants used to fix energy, and their yield depends on their 
photosynthetic capacity. Drought caused by stomatal closure, available water reduction and 
impaired physiological reactions reduces photosynthesis. Thus, using the photosynthesis 
potential rate in stressed plants will help us understand how plants tolerate water deficits. 
Drought or water deficit stress reduces plant yield and production and is the main limiting factor 
for oil palm (Kallarackal et al., 2004; Rivera et al., 2012). Oil palm needs 4-5 mm of water daily 
and demands 1800-2000 mm of annual precipitation for optimum production. There is a 10% 
decrease in production for each 100 mm of water reduction as rainfall (Carr, 2011). Thus, long-
term drought periods drastically reduce oil palm production.  
Oil palm cultivated areas worldwide are suffering from water availability problems. There is a 
direct reduction of up to 20% in the yield of fresh fruit bunches (Caliman and Southworth, 1998) 
and oil (Cornaire et al., 1994) because of water deficit. The water problem for oil palm is the 
result of climate changes that reduce precipitation and increase drought seasons. Additionally, it 
is difficult to develop and utilize irrigation systems for large areas to avoid water deficit 
problems or to reduce drought period impacts on oil palm because of economic, technical and 
agricultural limitations (Rivera et al., 2012). 
Colombia is the fourth oil palm producing country worldwide and the leading producer in Latin 
America. Three of the four oil palm-growing zones in the northern, eastern and central regions 
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have prolonged dry periods of four to eight months (Romero et al., 2007). The drought periods 
may affect oil palm production and male and female inflorescence ratio (Corley and Tinker, 
2003). As a result, there is a reduction in the yield of palm oil, causing global oil prices to 
increase. 
Understanding oil palm behavior and response to water deprivation is very important and can 
explain oil palm physiological patterns upon exposure to drought conditions. Therefore, 
physiological genetic studies that examine how genotypes respond to physiological feedback are 
the best option for identifying high-performing plants that tolerate water shortages.  
Drought tolerance does not depend on a single physiological trait and is instead the relative 
contribution of several tolerance mechanisms operating at different stages of plant development 
(Jaleel et al., 2009). There may be a network of different mechanisms such as stomatal 
conductance, photosynthetic potential, root system, osmotic adjustment and reserves of 
assimilates that plants adopt during drought conditions to survive and reduce the effects of 
drought (Neumann and Review, 2008; Nieto et al., 2009; Farooq et al., 2009; Rivera et al., 
2012). 
This comparative study examined the gas exchange responses and photosynthetic capacity in two 
oil palm commercial genotypes cultivated under water deficit conditions during their initial 
growth phase. The intent of this research is to determine ecophysiological responses of oil palm 
to water deficit. Additionally, we evaluated which genotype performed better under prolonged 
water shortage and can be considered more drought-tolerant.  
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Two oil palm genotypes were exposed to well-watered in FC (field capacity, -0.042 MPa) and 
drought-stressed (DT, -1.5MPa) conditions for 8 weeks. Their physiological variables were 
monitored and recorded at 4 and 8 WAT (weeks after treatment). Finally they were grouped by 
their physiological parameters. The findings can be used in subsequent studies on oil palm 
drought stress like genetic, transcriptomic and breeding programs. 
Materials and Method 
Plant materials 
Two oil palm genotypes that are well cultivated in Colombia due to their production potential (6 
tons/hectare), bred by the CIRAD institute and known as the following progenies were used in 
the present study: IRHO 7010 ((DA 115 D × DA 3 D) × LM 2 T × LM 10 T) and IRHO1001 
(DA 115 D AF x LM 2 T AF) (Louise et al., 2007).  
Study location and planting 
This study was conducted in an adapted mesh house located in the Palmar de La Vizcaína 
Experimental Field, Barrancabermeja-Santander, Colombia. The tropical agroecological 
attributes included an average temperature of 34ºC, 70.5% relative humidity and precipitation of 
3800 mm/y. 
The palms were planted in plastic containers consisting of a tube with a diameter of 25 cm and a 
length of 50 cm filled with already known soil medium (Table 1). Saturating irrigation was 
performed for three days to compact the soil and homogenize the soil structure. The irrigation 
system was then installed, and the soil was kept at FC for further treatments. 
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Table 1. Soil medium properties used in this project. It was a silty clay loam soil. 
 
 
 
 
Considering the soil texture (Table 2), FC and wilting point that help to evaluate water potential 
condition in the under study soil were calculated.  
Table 2. Determination of FC and PWP by soil texture by different soil types (Saxton and 
Rawls, 2006). 
Texture  FC (%V) PWP (%V) 
Sand 10 5 
Loamy sand 12 5 
Sandy loam 18 8 
Sandy clay loam 27 17 
Loam 28 14 
Sandy clay 36 25 
Silt loam 31 11 
Silt 30 6 
Clay loam 36 22 
Silty clay loam 38 22 
Silty clay 41 27 
Clay 42 30 
 
Drought treatment 
The irrigation system for each of the containers was a dropper with 8 l/h capacity connected to a 
3-mm drip hose. Each container was irrigated by four droppers installed in four corners of the 
container to assure the irrigation depth to a maximum of 10 cm and to maximize irrigation 
coverage. 
The pre-germinated seeds with newly born white roots were maintained in a pre-nursery bag for 
30 days until two lanceolate leaves appeared according to growth stage 102 (Hormaza et al., 
Soil characteristics  
Texture Plain 
Fine sand (%) 18.6 
Clay (%) 40.7 
Silt (%) 40.7 
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2012). The plants were transplanted to the recipients, where they were maintained at FC for 30 
days to adapt to the new condition. To maintain a constant soil tension, the irrigation program 
applied in each of the planned water potentials was calculated considering root effective depth 
and physical characteristics of soil including texture, bulk density and moisture retention curve.  
The soil moisture was monitored daily using an SM200 (Delta-T) sensor coupled to a manual 
Data Logger HH2. FC was measured on a dry basis, and its equivalence was set at a water 
potential of -0.042 MPa. Following the adaptation period, the plants were subjected to two soil 
water potentials, -0.042 MPa (as field capacity or control, well-watered: WW) and -1.50 MPa (as 
severe water deficit, drought-treated: DT), by withholding water. A completely randomized 
design in a 2 x 2 factorial array experiment was used with three replications for each 
genotype/treatment/time. The time points evaluated were 4 and 8 WAT. The photosynthesis 
reduction rate was determined at the desired time points. The zero point was considered to assess 
the trend of each studied variable. 
Leaf Water Potential 
The Leaf Water Potential was determined using model 3005 Plant Water Status Console 
equipment (Soilmoisture Equipment Corp., Santa Barbara, CA, USA). The measurements were 
performed in the 3
rd
 (third) leaf sheet between 9:00 AM and 11:30 AM. The assessments were 
performed at 4 and 8 WAT. 
Gas exchange measurements 
The measurements of photosynthesis (Pn) (µmol CO2•m
-2•s-1), stomatal conductance (gs) (mol 
H2O•m
-2•s-1) and transpiration (E) (mmol H2O•m
-2•s-1) were recorded using an LI-6400XT open-
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path Portable Photosynthesis System (LICOR Inc, Lincoln, Nebraska, USA), which is portable 
gas exchange rate equipment. The following parameters were fixed during the measuring points: 
CO2 concentration in the chamber: 400 ppm; Flux: 170 mol•s
-1
, and PAR: 1000 µmol•m2•s-1. 
The measurements were performed on the number 3
rd
 (third) leaf of palms in the morning 
between 9:00 and 11:30 AM. The water use efficiency (WUE) (mol CO2/mmol H2O) (Pn/E) was 
calculated using the measured parameters. 
Statistical analyses 
The experimental data were subjected to the statistical analyses of variance and mean 
comparison using Student’s t-test with a 5% probability using SAS statistical software®, Version 
9.1 of the SAS System for Windows (SAS Institute Inc., Cary, North Carolina, USA). 
Multibase2015 (www.numericaldynamics.com) was used to classify the plant genotypes using 
PCA (principal component analysis) for physiological parameters. PCA is employed to reduce 
multivariate data complexity. The physiological parameters were used as the inputs for 
Multibase2015. 
Results 
Soil water retention 
As shown by Figure 1, a soil water-retention curve for the studied soil in accordance with 
Equation 1 (da Silva et al., 1994). In this equation, the water content of FC is calculated by 
saturating soil using either volumetric or weight-based methods, and then the PWP or WP 
(permanent wilting point) is calculated. These values can also be determined by soil texture 
(Table 2). The studied soil was a silty clay loam based on the soil texture triangle, and it 
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possesses an FC (%V) of approximately 38% and a WP of approximately 22%. Our results for 
the retention curve coincide with the pertinent values as compared with Table 2. 
Equation 1: 𝑃𝑊𝑃 (% 𝐷𝑊) = −5 + 0.74 𝐹𝐶 (%𝐷𝑊) 
where PWP is permanent wilting point, DW is dry weight of soil and FC is field capacity. 
 
Figure 1. Soil water retention curve. Field capacity of the soil was less 50%. PWP was 
calculated to determine drought-treatment water potential in soil. -1.5 MPa was selected as 
drought treatment as it has been reported a severe drought point for plants. 
 
The water potentials for the FC and WP were calculated as -0.042 and -2.4 MPa, respectively 
(Table 3). After calculating WP for the used soil, -1.5 MPa was considered severe drought 
(Rivera et al., 2012), which is the preferred point used to determine physiological parameters. 
Thus, we were able to observe the potential point and oil palm tolerance level to drought before 
reaching the PWP.  
Table 3. PWP calculation based on Equation 1 by FC DW value. In both volumetric and weight-
based water content the Equation 1 can be used. Also the water potential for each FC and WP 
was calculated based on MPa unit. FC: field capacity, WP, wilting point.  
Point % w/w % volumetric water content Water potential (MPa) 
Estimated FC 33.08 39.70 - 0.042 
Estimated WP 19.48 24.38 - 2.4 
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Leaf water potential 
While the both genotypes were compared between WW and DT, there was a significant 
difference for the both genotypes at both studied times in terms of leaf water potential (Table 4). 
This difference increased as the plants with less water in the soil reached more negative 
potentials. However, there were no differences in leaf water potentials between the two sampling 
times and for the both genotypes while the plants were exposed to drought (Table 4). According 
to these results, leaf water potential was stable during prolonged drought and that the plants 
maintained constant water potential (Figure 2).  
Table 4. Leaf water potential for two genotypes, two treatments and two times. There was a 
significant change just between two treatments while other comparisons between different 
genotypes and times no significant change was seen. (P <0.05, n=3) 
  Genotype WW SE WW DT SE DT 
Leaf water potential (MPa) 4 IRHO1001 -1.62 A 0.0345 -2.07 B 0.0000 
IRHO7010 -1.68 A 0.0230 -2.11 B 0.0829 
8 IRHO1001 -1.40 A 0.1001 -2.02 B 0.0608 
IRHO7010 -1.29 A 0.1279 -2.05 B 0.0230 
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Figure 2. Water potential of leaf for both genotypes subjected to different soil water potential. 
There was significant change between WW with FC (-0.042 MPa) and DT (-1.5MPa) during 8 
weeks shown by two points for assessing oil palm plants responses (P<0.05, n=3). 
Gas exchange parameters 
The gas exchange parameters diverged between the genotypes in both WW and DT plants at 
both time points (Table 5). At the beginning of the study, all values were similar and there were 
no significant differences for the two genotypes and two conditions. The WW treatment did not 
cause any significant changes during the study for any of the studied parameters in either 
genotype. The studied variables in the WW treatment group were not changed for either 
genotype (Table 5). This result indicates the oil palm plants were stable during the study and 
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confirms that the WW plants were in similar optimum conditions and had acceptable water 
contents.  
At 4 weeks, and the results showed that there was a decrease of 46.19% in the DT with a water 
potential of -1.5 MPa for the IRHO1001 genotype. However, the IRHO7010 genotype showed a 
23.82% decrease in photosynthesis. At 8 weeks, the IRHO1001 genotype had a 74% reduction in 
the photosynthetic rate in the DT plants. Conversely, the IRHO7010 genotype demonstrated a 
decrease of 48% (Figure 3, Table 5). The IRHO7010 genotype performed better photosynthesis 
under water deficit conditions and reduced photosynthesis less than the IRHO1001 genotype. 
As shown in Table 5, the both genotypes experienced a reduction in photosynthesis during 
prolonged water shortage, but there were different gradients and rates. The IRHO1001 plants 
exhibited a faster decline in the photosynthesis rate from 12.49 to 6.72 µmol CO2•m
-2•s-1 after 4 
weeks. The reduced photosynthesis continued during the additional 4 weeks of drought and 
reached 3.03 CO2•m
-2•s-1. The IRHO7010 plants lost photosynthesis activity slowly. The rate 
changed from 10.83 to 8.25 and 5.73 µmol CO2•m
-2•s-1 during the 4 and 8 weeks of water 
shortage.  
For IRHO1001 plants, the gs in DT at the first time point was 0.15 mol H2O•m
-2•s-1, which is 
less than half of the 0.35 mol H2O•m
-2•s-1 of the WW treatment. However, this reduction is only 
approximately 30% for IRHO7010 at the first time point. At 8 WAT, the values were further 
reduced in IRHO1001 and decreased to 0.05 mol H2O•m
-2•s-1 and to 0.07 mol H2O•m
-2•s-1 in 
IRHO7010. There was a significant difference between the two genotypes in the drought 
condition. There was also a difference between the genotypes at different times (Table 5, Figure 
3). The gs for the two genotypes behaved differentially between WW and DT during prolonged 
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water shortage. The IRHO7010 genotype more efficiently adjusted stomata and was able to 
continue gas exchange and assimilate CO2. 
The transpiration decrease showed a pattern similar to stomatal conductance. The IRHO1001 DT 
plants showed 2.83 and 1.38 mmol H2O•m
-2•s-1 transpiration for 4WAT and 8WAT, 
respectively. The values for WW plants were 4.14 and 4.59 mmol H2O•m
-2•s-1, respectively. 
Transpiration followed the same pattern for IRHO7010 plants, i.e. 3.20 and 1.87 mmol H2O•m
-
respectively, and there was a significant reduction at each time point (Table 5, Figure 3).  
Table 5. Physiological parameter measurements for two genotypes, in two different treatments 
and two assessment points upon drought treatment. FC: field capacity, WAT: week after 
treatment, WW: well-watered, DT: drought treatment. Different letters are significantly different. 
(P<0.05, n=3) 
 WAT Genotype WW SE WW DT SE DT 
Pn (µmol CO2•m-2•s-1) 
4 
IRHO1001 12.49 A 0.3538 6.72 B 0.1139 
IRHO7010 10.83 A 0.4781 8.25 C 0.342 
8 
IRHO1001 11.86 A 0.8141 3.03 D 0.331 
IRHO7010 11.05 A 1.2699 5.73 B 0.438 
gs  (mol H2O•m-2•s-1) 
4 
IRHO1001 0.35 A 0.0293 0.15 B 0.00945 
IRHO7010 0.29 A 0.01557 0.20 C 0.00895 
8 
IRHO1001 0.30 A 0.04361 0.05 D 0.00077 
IRHO7010 0.27 A 0.06593 0.07 E 0.00621 
E (mmol H2O•m-2•s-1) 
4 
IRHO1001 4.14 A 0.07183 2.83 B 0.21201 
IRHO7010 3.90 A 0.0644 3.20 C 0.19962 
8 
IRHO1001 4.59 A 0.25899 1.38 D 0.02198 
IRHO7010 4.19 A 0.45147 1.87 E 0.13662 
WUE (mol CO2 / mol H20) 
4 
IRHO1001 3.02 A 0.03313 2.40 A 0.22003 
IRHO7010 2.78 A 0.14078 2.61 A 0.25697 
8 
IRHO1001 2.58 A 0.06311 2.20 A 0.25726 
IRHO7010 2.63 A 0.05203 3.07 A 0.6393 
% Pn reduction 
4 
IRHO1001   -46.19 A 0.91181 
IRHO7010   -23.82 B 3.1567 
8 
IRHO1001   -74.45 C 2.79125 
IRHO7010   -48.14 A 3.9363 
 
2•s-1 for DT plants and 3.90 and 4.19 mmol H2O•m
-2•s-1 for WW plants for 4 and 8 WAT 
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Figure 3. Physiological parameters analyzed in this study. Photosynthesis, Pn (A), stomata 
conductance, gs (B), transpiration, E (C) and photosynthetic reduction rate, %Pn (D) change 
trend during prolonged water deficit in both genotypes. IRHO 1001 shows a rapid decline in 
4WATof photosynthesis while IRHO 7010 shows photosynthetic decrease with a milder slope. 
They followed the same pattern in the second assessing time. Other studied items followed 
similar pattern that during the drought they decreased significantly more in IRHO1001 than 
IRHO7010 (P<0.05, n=3). 
WAT 
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The IRHO1001 plants showed a decrease of approximately 20%, and IRHO7010 exhibited a 6% 
reduction after 4WAT for WUE. At 8WAT, IRHO7010 showed an increase of 12%. However, a 
14% decrease was observed for IRHO1001 (Figure 4). These data indicate that IRHO1001 
experienced a decreased photosynthetic rate while maintaining high transpiration, which caused 
WUE to decrease. Conversely, IRHO7010 controlled the transpiration rate and maintained a high 
net photosynthesis rate and WUE. 
 
Figure 4. Water use efficiency for both genotypes. However they followed similar pattern in the 
first point of 4WAT but IRHO7010 started to increase its WUE while IRHO1001 responded to 
water shortage in a continuous decreasing pattern (P<0.05, n=3). 
 
Grouping genotypes 
As depicted in Figure 5, the two genotypes are very different based on DT. The WW samples for 
both genotypes are located very near each other. This result indicates that the WW condition was 
stable in the both genotypes. Figure 5 shows that when the genotypes are grouped by 
physiological parameters, they behaved differently and are distinct in terms of drought response. 
A cluster analysis was performed. As shown in Figure 5 (below), all WW samples belong to a 
close group with similar behavior in terms of physiological parameters. The DT samples for the 
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IRHO1001 genotype were DT_1001_4 and DT_1001_8, and the groups are located in two 
extremes by the most distance. These results suggest that there were significant differences 
between groups. The two DT groups of IRHO7010 are more related and the difference between 
these groups was less than the two IRHO1001 DT samples. 
 
Figure 5. Multibase2015 results for PCA (above) and cluster analysis (below) in order to 
distinguish genotypes. The software is an Add-In of Excel that can group the samples depending 
on the desired values here Pn, E, gs, WUE and %Pn. The genotypes are grouped in two different 
sets by their DT datasets. Also cluster analysis shows that how different each sample can be 
located from other samples depending on their input values.  
 
Discussion 
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In this study, two oil palm genotypes for either improvement or validation of tolerance to water 
deficit were evaluated by their photosynthesis, transpiration, stomatal conductance and 
photosynthesis rate as using the reduction in photosynthesis to evaluate differences between 
genotypes improves our understanding of how plants vary their energy production (Gu et al., 
2013). The -1.5 MPa drought severity used in this study is considered a severe drought condition 
in other plants (Liu et al., 2011) and in oil palm (Rivera et al., 2012). The gas exchange 
parameters were significantly different for the two genotypes during the prolonged water deficit.  
Photosynthesis and the photosynthesis reduction rate were used as the main parameters to 
evaluate tolerance levels to water deficit and to screen drought-tolerant genotypes because these 
parameters are directly related to plant water shortage response (Pinheiro and Chaves, 2011; 
Zlatev and Lidon, 2012; Ashraf and Harris, 2013; Zhou et al., 2013).  
There were significant differences observed for both parameters, which suggests that IRHO7010 
decreased photosynthesis activity less during the prolonged water deficit period and could 
perform photosynthesis better than IRHO1001. During prolonged drought, IRHO7010 exhibited 
a smaller decrease in the photosynthesis rate than IRHO1001 for the same drought treatment and 
time. These findings indicate that the IRHO1001 genotype is less tolerant to water shortage and 
reacted to water availability by substantially decreasing its photosynthesis rate. The reduction in 
the photosynthesis rate was less than 50% for IRHO7010 during prolonged drought while it was 
74% in IRHO1001 plants confirming that IRHO7010 could behave better in response to drought 
than IRHO1001 in terms of photosynthesis performance. This result explains the difference in 
how the genotypes behaved in the photosynthesis-drought analyses. It has been shown that the 
photosynthetic behavior in tolerant plants continues and the plants compensate for water loss by 
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improving water use efficiency (Pinheiro and Chaves, 2011; Benešová et al., 2012; Fenta et al., 
2012; Gu et al., 2013). Water deficits influence plants in terms of physiological processes 
involved in growth, development and production. Drought can drastically reduce plant yield by 
impacting principal gas exchange mechanisms and photosynthesis (Lawlor and Tezara 2009; 
Centritto et al. 2009). Thus tolerant plants can manage their physiological parameters specially 
photosynthesis better (Hura et al., 2007; Chaves et al., 2009; Pinheiro and Chaves, 2011; Ji et al., 
2012; Barnaby et al., 2013) as it has been observed in the current study. 
The results indicate the IRHO7010 genotype could adjust stomata according to stomatal 
conductance better than IRHO1001. Thus, the IRHO7010 genotype with higher stomatal control 
was more drought-tolerant. This kind of behavior has been reported previously in other plants 
(Gilbert et al., 2011; Zhou et al., 2013). 
The changes in transpiration followed the same patterns as photosynthesis in the two genotypes. 
IRHO7010 plants exhibited a higher transpiration rate potential than IRHO1001 plants at both 
assessed time points. These results showed that IRHO7010 could manage drought better than 
IRHO1001 by adjusting gas exchange and stomatal control. 
There was a positive correlation between stomatal conductance and transpiration in response to 
the low substrate water availability. Thus, transpiration was influenced by stomatal conductance. 
This behavior has been evaluated in different plant genotypes under water shortage conditions 
(Cha-um et al., 2010; Rahbarian et al., 2011; Silva et al., 2013). 
The IRHO7010 plants controlled transpiration and stomatal conductance better than IRHO1001. 
The IRHO1001 plants showed a more rapid inhibition of photosynthetic CO2 assimilation. 
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Therefore, IRHO7010 could tolerate drought better than IRHO1001 in terms of less inhibition of 
transpiration and stomatal activity. These changes improved the photosynthesis efficiency in the 
IRHO7010 genotype. These data are concordant with previously reported data on sugarcane 
(Silva et al., 2013), soybean (Fenta et al., 2012) and maize (Benešová et al., 2012), where more 
tolerant plants showed less inhibition of transpiration and stomatal conductance during drought.  
The WUE did not show a significant difference between the two studied oil palm genotypes, 
which suggests that the IRHO7010 plants employed other internal mechanisms to maintain 
photosynthesis, transpiration and stomatal efficiency. These mechanisms could include 
molecular agents that mitigate the effects of drought on these variables (Pinheiro and Chaves, 
2011). Thus, WUE reveals how a plant can fix carbon during drought conditions (Bacon, 2004). 
However, WUE cannot be used solely to determine drought tolerance, but it is used to complete 
the results of photosynthesis and transpiration changes during water shortage. 
As shown in Figure 5, the samples were successfully categorized by Multibase2015. The results 
confirm that there were significant physiological differences. According to the PCA groupings 
by Multibase2015, IRHO7010 behaved differently from IRHO1001 because the genotypes were 
located in different classes based on the studied parameters. Multibase2015 can arrange input 
data variables to identify different groups as it was successfully performed by our results. 
Conclusion 
This study examined two oil palm genotypes for their drought tolerance by evaluating 
physiological variables including photosynthesis, stomatal conductance, transpiration, water use 
efficiency and leaf water potential. The photosynthetic reduction rate was used to differentiate 
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the genotypes by photosynthetic efficiency. This feature was ascribed to the ability of IRHO7010 
to control water in leaves. Higher stomatal conductance and transpiration efficiency observed 
during prolonged water shortage in IRHO7010. The photosynthesis reduction rate was reduced 
and showed a slower diminishing rate in IRHO7010 plants. Thus, our results suggest that 
IRHO7010 was better able to mitigate prolonged drought conditions than IRHO1001 during the 
initial phase of development. IRHO7010 is considered as more drought-tolerant than IRHO1001 
according to the obtained results. These results can be used in downstream studies on these oil 
palm genotypes in terms of Omics like genomics and transcriptomics to find likely genes, 
pathways, processes and mechanisms which are involved in oil palm drought stress and in terms 
of oil palm plant breeding programs. Also IRHO7010 as more tolerant can be suggested to be 
cultivated in the oil palm cultivations where water deficit is a regional problem. 
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Abstract 
Background: Elaeis guineensis Jacq. (African Oil Palm) is the first oleaginous plant producing more than 36% 
of the global vegetable oil. In spite of its economically agronomic importance, African oil palm lacks well-
compiled molecular and genetic literature resources. RNA-Seq has provided advancing opportunities to profile 
the transcriptome and is the method of choice for transcriptomic studies due to its higher sensitivity, ability to 
detect previously unknown transcripts, cost efficiency, and availability for model and non-model organisms. 
RNA-Seq analysis and assembly are increasingly required as suitable methods to extract oil palm transcriptome 
information and to assess its genetic resources. 
Methodology/Results: To supply the E. guineensis foliar transcriptome, we obtained 115,598 transcripts from 
111,614,711 base pairs by generating a total of 1,273,882,948  paired-end reads using Illumina® HiSeq 2000™ 
sequencing equipment. We performed a designed strategy of mapping and de novo assembly to generate 
transcripts with an average length of 965 bp. Quake, Bowtie2, SOAPdenovo-Trans, and CD-HIT-EST were 
used to correct, map, assemble and cluster the read sequences to transcripts. A KOBAS-based search was 
performed to classify the annotated transcripts using GO, KEGG and Entrez. In addition, BiNGO, as a 
Cytoscape plugin/application, was used to categorize and visualize the GO term network in full view and with 
three primary categories. Using blast+, a comparative study was performed between the under study 
transcriptome with other plants of the same family, as well as other model and non-model plants exhibiting 
similarity.  
Conclusions: This study reports basic information regarding novel genetic knowledge for E. guineensis. The 
expressed gene catalog that was generated by this study will be of value as a useful resource and reference for 
further oil palm molecular genetic studies and provides more details of the functional transcriptome and 
transcripts that are involved in different biochemical pathways in this valued oleaginous tropical crop. 
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Introduction 
Oil palm is a common name for two different species of the Elaeis genus, including E. guineensis Jacq., also 
known as African oil palm, oil palm and Macaw fat tree from West Africa, and E. oleifera, also known as 
American oil palm from Central and South America [1]. These species belong to the Arecaceae (Palmae) family 
and Elaeidinae as a part of nonspiny cocosoids. The main vegetable oil producer is African oil palm (E. 
guineensis Jacq.), which contains 16 pairs of chromosomes (2n = 32). A variable 2C value between 2 and 4.35 
pg (1,956 – 4,254 Mbp) [2–4] has been reported for oil palm, which has a recently released genome sequence of 
1,800 Mbp [1].  
Today, oil palm is widely cultivated in tropical zones in Asia, Africa, America and Australia for fruit and seed, 
providing more than 36% of the world vegetable oil production, accumulating up to 90% oil in its mesocarp as 
the highest observed in the plant kingdom [5]. Oil palm is under consideration as a desirable oil crop because it 
produces vegetable oil with fewer costs and expenses compared to other oleaginous plants [6] and because its 
economic life span is 25-30 years [7]. As oil palm is the cheapest oil producer plant with the highest yield per 
hectare and produces more than five times the yield of oil/year/hectare of any annual oil crop [8], reaching 
approximately 4 tons palm oil per hectare [9], it can be considered as the best option to develop oleaginous 
plant cultivation in the suitable zones where climate and environment permit. 
Despite its valuable importance and economic interest as the least expensive vegetable oil producer, oil palm 
undergoes and suffers from a lack of molecular resources and literature [5,10]. Until very recently, limited 
amounts of oil palm EST/unigene data were available in public databases, mainly because commercial benefits 
and interests have made unavoidable private EST collections and genetic information. Although oil palm 
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genome has recently been published [1], regarding its importance as the number one oleaginous plant in 
vegetable oil production and in comparison with Arabidopsis as the well-known model plant and to soybean as 
the second oleaginous plant, there is a very wide gap between available information for African oil palm, 
American oil palm and the other two palm species (Table 1). Due to this large lack of data for oil palm, there is 
a great need to conduct more research on a molecular level considering omics, such as transcriptomics and 
genomics to obtain as much information as possible for this valuable plant. 
Table 1. NCBI Taxonomy Browser Information. 
Database A. thaliana G. max E. guineensis E. oleifera 
Nucleotide 336,640 177,729 115,614 15,007 
Nucleotide EST 1,529,700 1,461,723 40,920 3,205 
Nucleotide GSS 609,455 553,482 - 76 
Protein 228,191 103,067 863 178 
Structure 799 129 - - 
Genome 1 1 1 1 
Popset 1,147 157 12 31 
SNP 1,069,597 13,087,061 - - 
Domains 63 - - - 
GEO Datasets 30,835 5,908 - - 
UniGene 30,633 35,982 - - 
PubMed Central 27,564 5,416 219 20 
Gene 38,524 62,250 137 - 
HomoloGene 10,445 - - - 
SRA Experiments 5,328 1,427 42 - 
Probe 208,068 13,816 1,011 25 
Assembly 8 3 1 1 
Bio Project 2,221 187 16 2 
Bio Sample 6,919 1,725 98 8 
Bio Systems 1,060 255 - - 
Clone DB 20,916 142,501 - - 
Epigenomics 112 - - - 
GEO Profiles 2,014,308 672,870 - - 
PubChem BioAssay 161 302 - - 
Protein Clusters 12,341 12,206 - - 
Taxonomy 1 1 1 1 
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Basic information for E. guineensis (ID: 51953), E. oleifera (ID: 80265) Arabidopsis thaliana (ID: 3702) and Glycine max 
(ID: 3847). Compared to A. thaliana and G. max, there is a large difference in almost all databases for both species of 
Elaeis, while there does not exist any information for E. guineensis and E. oleifera in 13 and 14 databases, respectively 
(The data were collected on 03/12/2014). 
Less than one decade ago, a high-throughput method termed RNA-Seq (RNA sequencing) was introduced. This 
method is easier, less laborious, cost effective, time efficient, less expensive and requires less RNA to study the 
RNA, transcriptome and gene expression than are other available but older methods, such as AFLP-cDNA or 
microarrays [11]. RNA-Seq is a general term to describe the process of the high-throughput sequencing of 
transcripts and all of the messenger RNA -“transcriptome”- that are present in a specific tissue type [12] using 
one of the globally available platforms, including Illumina®, Roche 454 Pyrosequencing, Applied Biosystems 
SOLiD™, PACBIO or Pacific Biosciences and Ion Torrent™[13].  
RNA-Seq is not limited to detecting transcripts of sequenced organisms, making RNA-Seq particularly 
attractive for non-model organisms with genomic sequences that have yet to be determined or with little 
genomic information [13]. Additionally, RNA-Seq has been used for model organism resequencing. RNA-Seq 
can reveal the precise location of transcription boundaries to a single-base resolution, making RNA-Seq useful 
and noteworthy for studying complex transcriptomes as the transcriptome is more complex than expected [14]. 
Another relative advantage of RNA-Seq is that RNA-Seq has very low background signal noise because cDNA 
sequences can been directly determined and unambiguously mapped to unique regions of the genome. 
Therefore, RNA-Seq is the method of choice for characterizing the transcriptome and for elucidating the 
transcriptome complexity without previous information about transcripts. In the recently published oil palm 
transcriptome, RNA-Seq was also used by using an approach based on 454 pyrosequencing in order to create an 
overall transcriptome [1]. 
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Hereinafter, we report the E. guineensis foliar whole transcriptome based on RNA-Seq. Using an Illumina® 
HiSeq 2000™ sequencing machine, we gained 1,273,882,948  paired-end reads. A total of 73,813 transcripts in 
the obtained transcriptome were successfully annotated based on the published genome following the approach 
for annotation against Arabidopsis. Comparison with other plants, including G. max, Oryza sativa japonica, and 
Zea mays, showed transcriptomic similarity between oil palm and these plants. In addition, by re-blasting our 
foliar transcriptome against the published transcriptome as our reference, 92,283 transcripts out of 115,598 
transcripts of our generated transcriptome (79.8%) and 73,846 out of 81,284 transcripts of the oil palm 
reference transcriptome (90.8%) were similar, indicating notably good coverage of both of the transcriptomes.  
Materials and Methods 
The study was carried out in the experimental field of Palmar de La Vizcaína, Barrancabermeja, Santander 
Department, Colombia with a 34°C average temperature, relative humidity of 70.5% and annual rainfall of 
3,852 mm. This is a research field station owned by Fedepalma-Cenipalma, and they authorized the present 
study. Two commercial oil palm cultivars of a “Deli × La Me” cross known as IRHO 7010 ((DA 115 D × DA 3 
D) × LM 2 T × LM 10 T) and IRHO 1001 (DA 115 D AF × LM 2 T AF) were used as study materials and were 
cultivated in Colombia. The new germinated seeds were cultivated under a mesh greenhouse. The plantlets were 
then under an irrigation control.  After three month the samples were taken for subsequent analysis as well as 
transcriptome creating motive. The youngest leaves were collected from 4 plants of each material in two 
biological replicates (each pool including 4 different plants) when the first pinnate principal leaves appeared. 
The leaves of 4 plants were cleaned, cut into small pieces (approximately 5 × 5 mm
2
), mixed as a pool and then 
saved in RNAlater® solution (Qiagen®, Germany) at -80
o
C to prevent RNA degradation.  
The cut leaves that were stored at -80
o
C were RNA extracted using the RNAqueous®-4PCR Kit (AM1914, 
Ambion®, USA) following the manufacturer’s instructions. The extractions were confirmed by Synergy Mx 
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Monochromator-Based Multi-Mode Microplate Reader (BioTek, USA) and Agarose gel electrophoresis using 
SYBR® Safe DNA Gel Stain (Invitrogen™, USA).    
A cDNA library for each sample/genotype was made and sequenced by Macrogen, Inc. Seoul, South Korea 
(http://www.macrogen.com) using the HiSeq 2000™ sequencing machine of the Illumina® platform. Reads of 
101 bp in length were generated. 
The quality of the reads was checked using FastQC (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/) to 
ensure adequate read quality for the downstream steps. A specific workflow as a combination of both mapping 
and de novo assembly was designed to gain more accurate transcriptome analysis (Fig. 1). Briefly, the 
sequencing reads were mapped against the available transcriptome using Bowtie2 [15]. The mapped and 
unmapped reads were separated. Next, the unmapped reads were corrected by Quake [16]. After Kmer 
correction, de novo assembly was performed using SOAPdenovo-Trans [17] with default options for the 
corrected unmapped reads. The mapped and assembled sequences were combined with the published 
transcriptome, and the created transcriptome was then clustered by CD-HIT-EST [18] using 90% similarity as a 
cutoff to remove redundancy. The resulting sequences were subjected to length sorting and filtering for 
sequences that were greater than 500 bp. The output transcriptome file was called the master transcriptome; and 
was used for downstream annotation and GO/Pathway enrichment. In addition, the geecee program located in 
Galaxy [19] and the NGS QC Toolkit [20] were used to calculate additional statistical values G+C and A+T 
contents, N25, N50, N75, N90, N95 and percent of A, C, G, and T contents. 
For GO/Pathway annotation, the transcriptome was blasted against the known protein collection of A. thaliana 
as for the genome reference of oil palm [1] using blastx version 2.2.29+. The blastx results were used to 
annotate the transcriptome sequences with KEGG gene ID, KEGG pathway and Entrez gene ID. KOBAS 2.0 
was used to perform transcriptome GO/pathway annotation. KOBAS 2.0 integratively searches among different 
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database, including GO and KO terms, KEGG PATHWAY and Reactome as general pathway databases, 
Panther and PID containing signaling pathways and BioCyc focusing metabolic pathways [21].  
CateGOrizer, a web-based GO Terms Classifications Counter, [22] was used to classify the GO terms that were 
found by KOBAS 2.0 in the transcriptome. Plant_GOslim, a "consolidated single occurrences count" and 
"accumulative all occurrences count" method, were used to categorize and analyze the GO terms. 
The Biological Networks Gene Ontology tool (BiNGO) [23] as a plugin of Cytoscape [24] was used to 
categorize the GO terms and to visualize how the GO terms in the oil palm transcriptome are related. BiNGO 
maps the predominant functional themes of the gene dataset on the GO hierarchy and produces an instinctive 
and visible representation of GO terms in a network-like map using the Cytoscape visualization environment. 
The obtained E. guineensis transcriptome was compare to that of other species using Blast+ [25] version 
2.2.29+ with a cutoff of 1e-05. The transcriptome was subjected to blast searches against the transcriptome of 
close relatives of the same family, E. oleifera, C. nucifera and P. dactylifera. Using blastx with a cutoff of 1e-
05, the transcriptome was compared with the known protein datasets of the genome of A. thaliana, G. max, O. 
sativa, and Z. mays, whose datasets were downloaded from http://kobas.cbi.pku.edu.cn/site/download_fasta.jsp. 
The predicted P. dactylifera proteins were downloaded from http://qatar-
weill.cornell.edu/research/datepalmGenome/ [26], the Sorghum bicolor protein collection reference was 
downloaded from http://www.plantgdb.org, and the Musa acuminata protein dataset was downloaded from 
http://banana-genome.cirad.fr [27]. In addition, to validate our transcriptome strategy and results, the 
transcriptome was blasted against the predicted proteins of the published E. guineensis genome [1]. 
iTOL (Interactive Tree Of Life, http://itol.embl.de/) [28] was used to create a phylogenetic tree and to show the 
relationships between oil palm and other plants using the NCBI Taxonomy Browser [29] 
(http://www.ncbi.nlm.nih.gov/Taxonomy/taxonomyhome.html/). 
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Results 
Sequencing, mapping and de novo assembly 
Two independent runs including for the first biological replicate and one run for the second biological replicate 
were done. A total of 1,273,882,948 paired-end (PE) reads with an average length of 101 bp for each short read 
of cDNA library of 300-500bp averagely, totaling 128 Gbp were obtained.  We generated a 111.6-Mbp 
transcriptome with 115,598 transcripts, 34,314 transcripts more than in the transcriptome of oil palm that was 
published by Singh et al. [1], which contains 81,284 transcripts and was used as our transcriptome reference. 
The length of the transcripts ranged from 500 to 17,009 (Fig. 2). The minimum, maximum, median and average 
sequence length in the transcriptome were determined as 500, 17,009, 791, and 965 bp, respectively. In 
addition, the N25, N50, N75, N90 and N95 lengths of the transcriptome were calculated using the NGS QC 
Toolkit [20] (Table 2). 
Table 2. Statistical information on the transcripts of the transcriptome. 
Item # of bp Item # of bp 
Transcript minimum length 500 N25 1542 
Transcript maximum length 17009 N50 1037 
Transcript median length 965 N75 712 
Transcript average length 791 N90 574 
Total bases in transcriptome 111,614,711 N95 535 
The items are minimum, maximum, and median average length of transcripts and the total bases of the transcriptome, as 
well as the N25, N50, N75, N90 and N95 values. 
The average GC content within the raw sequence reads was 54.09%, whereas the transcriptome had a GC 
content of 43.4%. This GC content is close to that of 44.27% of P. dactylifera, a palm that is closely related to 
oil palm [30], and Brachypodium pinnatum, Dactylis polygama, O. sativa, Stipa calamagrostis and Z. mays, 
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with 46.4, 45.1, 43.6, 47.5 and 47.4%, respectively [31]. GC content distribution among the transcriptome 
transcripts is depicted in Fig. 3, indicating that the main GC content is located from 30% to 60%. 
Other parameters, such as the percentage of A, C, G, T, and A+T and the G+C content, were calculated 
separately for our transcriptome and the previously published transcriptomes of E. guineensis and E. oleifera [1] 
using NGC QC Toolkit [20] to compare the sequence pattern that they follow. The calculated items show very 
similar values, and according to the coefficient of variation (CV) that was obtained for the three transcriptome 
datasets, it is less than 2% (Table 3), confirming the resemblance of the transcriptome in the three datasets that 
belong to the same genus by similarity in nucleotides and G+C and A+T contents, suggesting a similar 
sequence pattern for the three transcriptomes as expected. 
Table 3. G+C, A+T content and each nucleotide percentage in the three Elaeis transcriptomes. 
  The created transcriptome E. guineensis transcriptome [1] E. oleifera transcriptome [1] CV 
A % 27.97 28.79 28.38 0.014552 
T % 28.09 29.21 28.75 0.019809 
C % 21.64 20.73 21.09 0.021451 
G % 21.75 21.27 21.77 0.013009 
A+T % 56.06 58.00 57.13 0.01717 
C+G % 43.4 42.00 42.87 0.016387 
Annotation 
A total of 115,598 transcripts were predicted, and 73,813 transcripts were successfully annotated (S1 Table). 
The blastx results were used to annotate the transcriptome sequences with KEGG gene ID, KEGG pathway, and 
Entrez gene ID. A total of 15,141 Entrez gene IDs were matched within the annotated transcripts assuming that 
these IDs can be considered as gene isoforms found among the transcripts due to the same gene ID and 
description (S2 Dataset).  
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GO enrichment 
A total of 6,347 GO terms were matched with our transcriptome (S3 Dataset). “Cell” and “cell part”, with 
51,615 transcript hits occupied the most hits, followed by “intracellular” with 46,624, “intracellular part” with 
46,602 and “organelle” with 40,835 hits. Biological process category GO terms also appeared among the top 
GO terms, such as “cellular process” with 33,331 and “metabolic process” with 29,198 transcript hits. 
Molecular function GO terms among the top GO terms were “catalytic activity” and “binding terms”, with 
20,364 and 16,669 hits with the most transcript hits in this category. In Table 4, the 10 most abundant GO terms 
for each category are listed separately.  
Table 4. The first ten GO terms with the most transcripts. 
BP: Biological process 
Hits Term Description  
33,331 GO:0009987 cellular process 
29,198 GO:0008152 metabolic process 
27,471 GO:0071704 organic substance metabolic process 
26,841 GO:0044237 cellular metabolic process 
25,328 GO:0044699 single-organism process 
25,149 GO:0044238 primary metabolic process 
20,498 GO:0044763 single-organism cellular process 
19,145 GO:0043170 macromolecule metabolic process 
18,592 GO:0009058 biosynthetic process 
18,039 GO:0044260 cellular macromolecule metabolic process 
MF: Molecular function 
Hits Term Description  
20,364 GO:0003824 catalytic activity 
16,669 GO:0005488 binding 
8138 GO:0097159 organic cyclic compound binding 
8079 GO:1901363 heterocyclic compound binding 
7924 GO:0016740 transferase activity 
6981 GO:0016787 hydrolase activity 
5543 GO:0003676 nucleic acid binding 
4860 GO:0043167 ion binding 
4482 GO:0016772 transferase activity, transferring phosphorus-containing groups 
3946 GO:0016301 kinase activity 
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CC: Cellular component 
Hits Term Description 
51,615 GO:0005623 cell 
51,615 GO:0044464 cell part 
46,624 GO:0005622 intracellular 
46,602 GO:0044424 intracellular part 
40,835 GO:0043226 organelle 
40,827 GO:0043229 intracellular organelle 
40,278 GO:0043227 membrane-bounded organelle 
40,270 GO:0043231 intracellular membrane-bounded organelle 
31,928 GO:0005737 cytoplasm 
26,992 GO:0044444 cytoplasmic part 
The GO terms are mentioned for each of three GO categories: BP: biological process, MF: molecular function and CC: 
cellular component generated by KOBAS 2.0. 
 
As the studied and obtained transcriptome was a foliar transcriptome, 108 GO terms that are related to 
photosynthesis, chloroplast and relevant terms were extracted. The most abundant GO terms with more than 
100 transcripts are listed in Table 5; among them, the three most abundant GO terms were “plastid” with 
11,861, “chloroplast” with 11,668 and “chloroplast part” with 4,656 transcripts. In addition, the 
“photosynthesis” term had 1,502 hits (all 108 of the GO terms can be found in S4 Dataset). In the list, the most 
abundant terms are chloroplast and its organelle-related GO terms, such as thylakoid, stroma, and envelope, and 
photosystems and their related terms are listed in Table 5.  
Table 5. The GO terms of photosynthesis and its related hits. 
Transcripts Term Description 
11,861 GO:0009536 plastid 
11,668 GO:0009507 chloroplast 
4656 GO:0044434 chloroplast part 
2770 GO:0009532 plastid stroma 
2719 GO:0009570 chloroplast stroma 
2167 GO:0009941 chloroplast envelope 
1919 GO:0009579 thylakoid 
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1598 GO:0009534 chloroplast thylakoid 
1598 GO:0031976 plastid thylakoid 
1502 GO:0015979 photosynthesis 
1476 GO:0044436 thylakoid part 
1372 GO:0034357 photosynthetic membrane 
1365 GO:0042651 thylakoid membrane 
1306 GO:0055035 plastid thylakoid membrane 
1297 GO:0009535 chloroplast thylakoid membrane 
1157 GO:0019684 photosynthesis, light reaction 
1054 GO:0009658 chloroplast organization 
1012 GO:0010027 thylakoid membrane organization 
1007 GO:0015994 chlorophyll metabolic process 
658 GO:0015995 chlorophyll biosynthetic process 
642 GO:0010207 photosystem II assembly 
569 GO:0009902 chloroplast relocation 
345 GO:0009767 photosynthetic electron transport chain 
321 GO:0015996 chlorophyll catabolic process 
300 GO:0031977 thylakoid lumen 
295 GO:0031969 chloroplast membrane 
248 GO:0009543 chloroplast thylakoid lumen 
248 GO:0031978 plastid thylakoid lumen 
244 GO:0009773 photosynthetic electron transport in photosystem I 
234 GO:0045036 protein targeting to chloroplast 
234 GO:0072596 establishment of protein localization to chloroplast 
234 GO:0072598 protein localization to chloroplast 
207 GO:0009706 chloroplast inner membrane 
201 GO:0009521 photosystem 
152 GO:0010109 regulation of photosynthesis 
135 GO:0016168 chlorophyll binding 
116 GO:0009523 photosystem II 
103 GO:0042548 regulation of photosynthesis, light reaction 
The GO terms those are related to photosynthesis and other relevant involving photosynthetic compound biosynthesis and 
carbon fixation. The most abundant terms with more than 100 pertinent transcripts are listed. KOBAS 2.0 was used to 
extract the GO terms. 
 
Using the Plant_GOslim database with the single count option, 6,347 GO terms were assigned into three root 
node categories and 103 Plant_GOslim ancestor terms. Biological process possessed 6,134 terms, while 
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molecular function and cellular components had 2,028 and 1,051 terms, respectively (Fig. 4A). Five GO terms, 
including GO:0004091 “carboxylic esterase activity”, GO:0007243 “intracellular signal transduction”, 
GO:0010627 “regulation of intracellular signal transduction”, GO:0010741 “negative regulation of intracellular 
signal transduction”, and GO:0051739 “ammonium transmembrane transporter activity”, each with 1 entry, did 
not belong to any ancestor or class IDs of Plant_GOslim database and were classified as odd terms.  
Within the biological process category, “cellular process” with 2,925, “metabolic process” with 2,211, 
“biosynthetic process” with 1,377, “cellular component organization” with 544 and “nucleobase, nucleoside, 
nucleotide and nucleic acid metabolic process” with 528 hits were the five most frequent GO ancestral terms. 
The top five molecular function terms were “catalytic activity” with 1,377 counts at the top, followed by 
“transferase activity”, “hydrolase activity”, “transporter activity”, and “binding” with 474, 338, 289 and 288 
counts, respectively.  
Finally the cellular component GO terms were grouped into “cell” terms, with 480 counts as the first GO terms 
in this category followed by “intracellular”, “cytoplasm”, “membrane” and “nucleus” with 428, 227, 155 and 84 
counts, respectively (S5 Dataset).  
Using the accumulative all-count approach, CateGOrizer showed 3,109,523 GO terms. A total of 2,855,898, 
1,185,269 and 283,946 GO terms were found into three categories (S5 Dataset): biological process, cellular 
components and molecular function, respectively (Fig. 4B). The first five GO terms and counts for each of the 
three main categories are listed in Table 6. 
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Table 6. The GO terms with the most abundance.  
Biological process  Cellular component  Molecular function  
Term Counts Term Counts Term Counts 
metabolic process 1,122,904 cell 530,665 catalytic activity 123,512 
cellular process  980,970 intracellular 394,198 hydrolase activity 41,690 
biosynthetic process 304,327 cytoplasm 154,283 transferase activity 38,428 
nucleobase, nucleoside, nucleotide 
and nucleic acid metabolic process or 
nucleobase-containing compound 
metabolic process  
150,101 membrane 55,599 transporter activity 35,081 
multicellular organismal 
development 
139,444 plastid 51,618 nucleotide binding 14,783 
The three GO categories and their first 5 GO terms with the most counts as extracted by CateGOrizer in the accumulative 
all-count approach that was used to evaluate the GO terms for 115,598 transcripts of the transcriptome. 
These findings show that GO terms in both of the methods were classified similarly into three categories and 
ancestral terms. The “Photosynthesis” GO term (GO:0015979) as the ancestral term with 25 counts in single 
count and with 4,628 counts in accumulative count approach was found with the following child GO terms such 
as:  
“Photosynthesis, light harvesting” GO:0009765, “photosynthetic electron transport chain” GO:0009767, 
“photosynthesis, light harvesting in photosystem I” GO:0009768, “photosynthesis, light harvesting in 
photosystem II” GO:0009769, “photosynthetic electron transport in photosystem II” GO:0009772, 
“photosynthetic electron transport in photosystem I” GO:0009773, “photosynthetic NADP+ reduction” 
GO:0009780, “regulation of photosynthesis” GO:0010109, “regulation of photosynthesis, dark reaction” 
GO:0010110, “photoinhibition” GO:0010205, “photosystem II repair” GO:0010206, “photosystem II assembly” 
GO:0010207, “photosystem II oxygen evolving complex assembly” GO:0010270, “photosynthesis” 
GO:0015979. 
According to different GO searches and findings, the three main categories hold similar GO terms using 
different methods and programs confirming the relevance of GO enrichment for the generated transcriptome. 
Our GO term results suggest the transcriptomic relevance to leaf regarding the GO terms and their abundance as 
related to photosynthesis, chloroplast, chlorophyll, carbon fixation, etc.  
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Pathway enrichment 
A total of 127 KEGG pathways were found, starting with the “metabolic process” pathway with 7,666 assigned 
entries holding the most transcripts. The list continues with “biosynthesis of secondary metabolites”, 
“ribosome”, “carbon metabolism” and “biosynthesis of amino acids” as the first five pathways with 3,702, 
1,282, 1,124 and 1,121 hits, respectively. The list continues mainly with other metabolic, energetic and 
signaling pathways and metabolism of sugars, amino acids, lipid and fatty acids and etc. (S6 Dataset).  
To investigate the role of the leaf as a biosynthesizing organ, pathways that are related to “photosynthesis” (Fig. 
5), carbon metabolism, carbohydrate metabolism and other relevant pathways were extracted to scrutinize their 
existence and abundance in the oil palm foliar transcriptome (Table 7). The KEGG results show pathways that 
are relevant to the function of the leaf, such as photosynthesis, carbon fixation and organic biosynthesis in the 
oil palm foliar transcriptome. 
Table 7. The pathways of KEGG with the most abundant transcripts.  
Transcripts Entry Pathway name 
1124 ath01200 Carbon metabolism 
630 ath00010 Glycolysis / Gluconeogenesis 
594 ath00500 Starch and sucrose metabolism 
481 ath00710 Carbon fixation in photosynthetic organisms 
477 ath00620 Pyruvate metabolism 
436 ath00520 Amino sugar and nucleotide sugar metabolism 
355 ath00630 Glyoxylate and dicarboxylate metabolism 
321 ath00020 Citrate cycle (TCA cycle) 
298 ath00562 Inositol phosphate metabolism 
294 ath00051 Fructose and mannose metabolism 
281 ath00195 Photosynthesis 
222 ath00860 Porphyrin and chlorophyll metabolism 
219 ath00052 Galactose metabolism 
204 ath00510 N-Glycan biosynthesis 
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145 ath00196 Photosynthesis - antenna proteins 
132 ath00040 Pentose and glucuronate interconversions 
101 ath00650 Butanoate metabolism 
97 ath00511 Other glycan degradation 
44 ath00531 Glycosaminoglycan degradation 
39 ath00073 Cutin, suberine and wax biosynthesis 
32 ath00514 Other types of O-glycan biosynthesis 
23 ath00660 C5-Branched dibasic acid metabolism 
KEGG photosynthesis, carbon metabolism, biosynthesis or degradation of carbohydrates and other related classes found 
in E. guineensis transcriptome. The entries were found using KOBAS 2.0. 
 
The BioCyc pathway database includes 3,563 Pathway/Genome Databases (PGDBs) that are mostly related to 
metabolic pathways. A total of 270 BioCyc pathways were assigned to the first 5 most abundant pathways, 
including “aerobic respiration (cytochrome c)”, “gluconeogenesis I”, “aerobic respiration (alternative oxidase 
pathway)”, “plant sterol biosynthesis”, “NAD/NADH phosphorylation” and “dephosphorylation” with 145, 116, 
114, 109, and 103 entry hits, respectively. However, because the transcriptome is foliar, the pathways that are 
related to chlorophyll, photosynthesis, carbon metabolism and carbohydrate biogenesis were extracted from the 
BioCyc pathway list (Table 8). Among the pathways, there were 54 pathways related to photosynthesis, 
synthesis and degradation of chlorophyll and its precursors, degradation and synthesis of carbohydrates. 
However, other BioCyc pathways that are related to the synthesis of organics, such as lipids, fatty acids, amino 
acids and proteins, and secondary metabolites are also observed in the pathways (S7 Dataset). 
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Table 8. The pathways of BioCyc with the most hits.  
Hits Symbol Pathway 
116 GLUCONEO-PWY gluconeogenesis I 
74 PWY-5455 superpathway of starch degradation to pyruvate 
66 PWY-5121 superpathway of geranylgeranyldiphosphate biosynthesis II (via MEP) 
63 PWY-3801 sucrose degradation VI (anaerobic) 
61 PWY-6724 starch degradation II 
59 PHOTOALL-PWY oxygenic photosynthesis 
50 CALVIN-PWY Calvin-Benson-Bassham cycle 
45 PWY-5910 superpathway of geranylgeranyldiphosphate biosynthesis I (via mevalonate) 
42 PWYQT-4429 CO2 fixation into oxaloacetate (anapleurotic) 
41 PWY-5114 UDP-sugars interconversion 
34 CHLOROPHYLL-SYN chlorophyllide a biosynthesis I 
33 PWY-922 mevalonate pathway I 
26 SUCSYN-PWY sucrose biosynthesis 
24 PWY-5723 Rubisco shunt 
21 PWY-5936 xyloglucan biosynthesis 
20 PWY-842 starch degradation I 
20 PWYQT-4467 superpathway of sucrose and starch metabolism II (photosynthetic tissue) 
18 PWY-7047 malate-oxaloacetate shuttle I 
17 PWYQT-4466 superpathway of sucrose and starch metabolism I (non-photosynthetic tissue) 
16 PWY-5068 chlorophyll cycle 
16 PWY-6927 chlorophyll a degradation II 
14 PWY-3821 galactose degradation III 
13 PWY-3221 dTDP-L-rhamnose biosynthesis II 
13 PWY-3261 UDP-L-rhamnose biosynthesis 
12 PWY-82 UDP-L-arabinose biosynthesis II (from L-arabinose) 
9 PWY-101 photosynthesis light reactions 
9 PWY-621 sucrose degradation III 
9 PWYQT-4438 UDP-glucose biosynthesis (from sucrose) 
8 COLANSYN-PWY colanic acid building blocks biosynthesis 
8 PWY-622 starch biosynthesis 
7 PWY-5064 chlorophyll a biosynthesis II 
7 PWY-5086 chlorophyll a biosynthesis I 
7 PWY-5120 geranylgeranyldiphosphate biosynthesis 
7 PWY-5805-ARA nonaprenyl diphosphate biosynthesis III 
6 PWY-5337 stachyose biosynthesis 
6 PWY-6554 1D-myo-inositol hexakisphosphate biosynthesis V (from Ins(1,3,4)P3) 
6 PWY-6555 superpathway of 1D-myo-inositol hexakisphosphate biosynthesis (plants) 
5 GALACTMETAB-PWY galactose degradation II 
5 PWY-4661 1D-myo-inositol hexakisphosphate biosynthesis III (Spirodela polyrrhiza) 
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5 PWY-5098 chlorophyll a degradation I 
5 PWY-5122 geranyl diphosphate biosynthesis 
5 PWY-6317 galactose degradation I (Leloir pathway) 
5 PWY-6527 stachyose degradation 
5 PWYQT-4436 UDP-galactose biosynthesis 
4 PWY-1001 cellulose biosynthesis 
4 PWY-5107 phytol salvage pathway 
3 PWY-66 GDP-L-fucose biosynthesis I (from GDP-D-mannose) 
2 PWY-3041 monoterpene biosynthesis 
2 PWY-4821 UDP-D-xylose and UDP-D-glucuronate biosynthesis 
2 PWY-5113 UDP-D-apiose biosynthesis (from UDP-D-glucuronate) 
1 PWY-4541 lipid-dependent phytate biosynthesis I (via Ins(1,4,5)P3) 
1 PWY-5805 nonaprenyl diphosphate biosynthesis I 
1 PWY-6361 1D-myo-inositol hexakisphosphate biosynthesis I (from Ins(1,4,5)P3) 
1 PWY-6520 nonaprenyl diphosphate biosynthesis II 
The BioCyc pathways that are related to chlorophyll, photosynthesis, carbon metabolism, carbohydrate metabolism, and 
other related pathways. Pathway enrichment was performed using KOBAS 2.0. 
 
In addition to knowing how the E. guineensis leaf can relate to lipid, oil and fatty acid production as oil palm is 
the first and most important oil producing plant, the BioCyc pathways that are related to lipids, oils and fatty 
acids were extracted as listed in Table 9. As the pathways indicate, oil palm leaf can be involved in the 
synthesis of lipids and fatty acids via different pathways and organic compounds, such as TAG (triacylglyerol) 
biosynthesis, as in the previous study in which the role of TAG in oil palm metabolism was confirmed as a key 
element [5]. 
 
Table 9. The BioCyc pathways of oil, lipid and fatty acid 
Hits Symbol Pathway 
109 PWY-2541 plant sterol biosynthesis 
95 PWY-6663 plant sterol biosynthesis II 
55 PWY66-341 cholesterol biosynthesis I 
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39 PWY-5454 superpathway of sucrose degradation to pyruvate 
30 PWY-5080 very long chain fatty acid biosynthesis 
30 PWY-561 superpathway of glyoxylate cycle and fatty acid degradation 
30 PWY-7036 very long chain fatty acid biosynthesis II 
24 PWY-5723 Rubisco shunt 
21 TRIGLSYN-PWY triacylglycerol biosynthesis 
14 PWY-6598 sciadonic acid biosynthesis 
13 PWY-5410 traumatin and (Z)-3-hexen-1-yl acetate biosynthesis 
10 PWY-2501 fatty acid alpha-oxidation 
8 LIPASYN-PWY phospholipases 
7 FASYN-ELONG-PWY fatty acid elongation -- saturated 
7 PWY-5129 sphingolipid biosynthesis (plants) 
7 PWY-5156 superpathway of fatty acid biosynthesis II (plant) 
7 PWY-5971 palmitate biosynthesis II (bacteria and plants) 
7 PWY-5973 cis-vaccenate biosynthesis 
7 PWY-5989 stearate biosynthesis II (plants) 
7 PWY-6837 fatty acid beta-oxidation V (unsaturated, odd number, di-isomerase-dependent) 
6 PWY-4562 lipid-dependent phytate biosynthesis II (via Ins(1,3,4)P3) 
6 PWY-4765 superpathway of lipid-dependent phytate biosynthesis 
6 PWY-6799 fatty acid biosynthesis (plant mitochondria) 
5 PWY-5138 fatty acid beta-oxidation IV (unsaturated, even number) 
5 PWY-6804 diacylglycerol biosynthesis (PUFA enrichment in oilseed) 
2 PWY-6710 poly-hydroxy fatty acids biosynthesis 
1 PWY-5136 fatty acid beta-oxidation II (core pathway) 
1 PWY-5143 fatty acid activation 
The pathways that are related to biosynthesis and the formation of lipids, oils, fatty acids and related pathways. KOBAS 
2.0 was used to perform pathway enrichment, and these pathways were extracted from BioCyc pathway database. 
 
Panther database is another signaling metabolic pathway to which 4,164 transcripts were matched within 113 
pathways. Among the matched transcripts, heat shock proteins, binding proteins, kinases, translation initiation 
factors and different transcription factors can be mentioned. In addition, pyruvate metabolism, ATP synthesis, 
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TCA cycle, purine and pyrimidine metabolism and the biosynthesis of different amino acids were observed 
among Panther pathways (S8 Dataset). 
A total of 9,518 transcripts were annotated against KO (KEGG Orthology) of KAAS, and 321 pathway maps 
were revealed by KAAS search. Among the found pathways, photosynthesis, carbon fixation, chlorophyll 
metabolism, carbon metabolism, fatty acid metabolism and biosynthesis of different primary and secondary 
metabolites are noteworthy. In addition, plant hormone signal transduction, kinase signaling pathway, and other 
signaling pathways as well as other types of biochemical pathways can be observed (S9 Dataset). 
BiNGO as a plugin/application of Cytoscape was used to generate a visualized GO term network and the nodes 
and edges between each of three main GO terms. The FULL view of GO network contains 1,624 nodes and 
2,669 edges (S10 Dataset). For biological processes, molecular function and cellular component GO category 
network as well as the nodes and edges were generated as shown in Table 10. The first ten GO terms of each 
category were extracted as shown in Table11, confirming that the previous GO searches with other programs as 
the first five GO terms of three GO categories are the same. Fig. 6 shows the GO categories in a GO full view 
network map (also see S11 Fig., as the network should be observed in more details using a SVG viewer).  
Table 10. The edge and node of 3 GO categories.  
GO category # of Edge # of Node 
Biological process 1808 1047 
Molecular function 384 325 
Cellular component 444 215 
GO_FULL* 2669 1624 
The edges and nodes that were found by BiNGO plugin of Cytoscape software. The three GO categories including 
biological process, molecular function and cellular component were generated by the plugin as well as the general 
accumulative GO terms. 
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Table 11. The most abundant GO terms of the three categories.  
BP: Biological process, 22304 
Hits Term Description  
7393 GO:0009987 cellular process 
6834 GO:0008152 metabolic process 
5719 GO:0044238 primary metabolic process 
5407 GO:0044237 cellular metabolic process 
4086 GO:0043170 macromolecule metabolic process 
3667 GO:0044260 cellular macromolecule metabolic process 
3243 GO:0065007 biological regulation 
3207 GO:0050896 response to stimulus 
3147 GO:0019538 protein metabolic process 
2783 GO:0050789 regulation of biological process 
MF: Molecular function, 24443 
Hits Term Description  
9513 GO:0005488 binding 
7553 GO:0003824 catalytic activity 
3806 GO:0003676 nucleic acid binding 
2632 GO:0016787 hydrolase activity 
2429 GO:0016740 transferase activity 
2416 GO:0005515 protein binding 
2207 GO:0003677 DNA binding 
2147 GO:0043167 ion binding 
2147 GO:0043169 cation binding 
2085 GO:0000166 nucleotide binding 
CC: Cellular component, 19821 
Hits Term Description 
11707 GO:0044464 cell part 
11707 GO:0005623 cell 
7208 GO:0005622 intracellular 
6908 GO:0044424 intracellular part 
6091 GO:0043226 organelle 
6090 GO:0043229 intracellular organelle 
5767 GO:0043227 membrane-bounded organelle 
5766 GO:0043231 intracellular membrane-bounded organelle 
4745 GO:0005737 cytoplasm 
4323 GO:0044444 cytoplasmic part 
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The most abundant GO terms into three main categories that were extracted from BiNGO plugin of Cytoscape. The 10 
most abundant GO terms of each category with their pertinent description and number of hits are listed.  
Comparison of E. guineensis assembled transcripts with those of E. oleifera, C. 
nucifera, and P. dactylifera 
The E. guineensis transcriptome showed 90.8% similarity with our transcriptome (73,837 out of 81,284 
transcripts), while 29,613 hits out of 34,968 or 84.7% of the E. oleifera transcriptome were matched with our 
transcriptome. The transcriptome of C. nucifera includes 57,304 unigenes provided by the authors of the 
mentioned article. A total of 76.1% or 43,584 unigenes of C. nucifera transcriptome were matched with our 
transcriptome. The gene models of P. dactylifera were downloaded from 
(http://www.kacst.edu.sa/en/depts/jcg/researchwork/Pages/default.aspx), which includes 67,651 records. A total 
of 53,106 (78.5%) matches were found in the gene models of P. dactylifera. The comparisons are listed in Table 
12.  
Table 12. The basic transcriptomics information of palm species.  
Dataset Total sequences Similar transcript Similarity % 
E. guineensis 81,284 73,837 90.8 
E. oleifera 34,968 29,613 84.7 
C. nucifera 57,304 43,584 76.1 
P. dactylifera 67,651 53,106 78.5 
Similarity between the oil palm transcriptome with the gene models and transcriptomes of three genera of the Arecaceae 
family, including Elaeis, Cocos and Phoenix. Blast+ version 2.2.29 with threshold cutoff of 1e-05 was used to find 
similarities between the different datasets of palm species. 
 
These findings confirm that the three genera of the Arecaceae family Elaeis, Phoenix and Cocos show high 
similarity at the transcriptomics level as previously reported [1,32,33]. 
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Comparison of the E. guineensis transcriptome with other plants 
Using blastx with a cutoff 1e-05, the protein datasets of the genome of some plants, including A. thaliana, E. 
guineensis, G. max, M. acuminate, O. sativa, P. dactylifera, S. bicolor and Z. mays, were used to compare with 
our transcriptome to determine their similarity. As shown in Table 13, the results show that our transcriptome 
shares the greatest similarity with the most matched sequences with the E. guineensis genome as expected. The 
second and third most similar plants are P. dactylifera and M. acuminanta confirming previous reports at 
genomic level that P. dactylifera belongs to the same family and that M. acuminata is a monocotyledonous 
plant that is closely related to E. guineensis [1,32]. The following plants with the most matches are G. max, as 
an oilseed crop, followed by S. bicolor, A. thaliana, O. sativa and Z. mays.  
 
Table 13. The transcriptomics comparison with different plants.  
Plant Total sequences of genome Matched E .guineensis transcriptome sequences 
E. guineensis 30,752 78,585 (68%) 
P. dactylifera 28,889 77,698 (67.2%) 
M. acuminata 36,549 77,654 (67.2%) 
G. max 43,184 75,227 (65%) 
S. bicolor 29,448 74,342 (64.3%) 
A. thaliana 27,396 73813 (63.8%) 
O. sativa 28,453 73,027 (63.2%) 
Z. mays 22,374 66,849 (57.8%) 
The blastx search for the E. guineensis transcriptome and other plants that do not belong to the same palm family. A. 
thaliana and G. max are dicotyledonous, while E. guineensis, M. acuminate, O. sativa, P. dactylifera, S. bicolor and Z. 
mays are monocotyledons. Considering a cutoff of 1e-05, Blast+ was used to find match sequences between the E. 
guineensis transcriptome with protein datasets of each plant species. The genomic protein datasets were used for each 
plant. 
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Using iTOL, a life tree viewer tool that is used to display and manipulate phylogenetic trees, the phylogenetic 
tree between E. guineensis and other close plants, i.e., E. oleifera, P. dactylifera and C. nucifera, was drawn. In 
addition, other plants whose protein datasets were applied to compare with the oil palm transcriptome were 
used. As shown in Fig. 7, the mentioned plants in the same Arecaceae family are very closely related as our 
blast results suggest, confirming the similarity and relationship among them. However, our results confirming a 
previous study show that M. acuminata is more similar to E. guineensis than the other mentioned 
monocotyledonous plants, followed by S. bicolor, O. sativa and Z. mays.   
 
Discussion 
This article aimed to produce and generate a foliar whole transcriptome for oil palm that can be used in further 
and downstream studies as a basic reference and data by which one can understand better and generate more 
easily genetic and transcriptomic aspects of oil palm and in general plant biology studies, such as plant breeding 
programs, phylogenetic and evolutionary investigations. Our results suggest that our value-added transcriptome 
is a representative transcriptome for E. guineensis that can be used in further studies and for other closely 
related plants, as using closely related references can be an option for the mapping and assembly of non-model 
plants whose reference is not available yet, and transcriptome analyses need not be restricted to the reference of 
model organisms [34]. 
The generated transcriptome has 34,314 transcripts more than the reference that was used to map the generated 
transcriptome. This can be because of genetic difference between the reference and the used genotypes utilized 
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in the current study as they belong to the different progenies and also distinct oil palms with different parental 
genetic background were utilized. 
GO and pathways enrichment via different databases, including KEGG, KAAS, Panther, BioCyc, and Entrez, 
using some searching tools revealed distinct pathways and biochemical maps, GO terms that were related to 
primary and secondary metabolism, anabolism, catabolism, biosynthesis and degradation of organic compounds 
in oil palm that can be used in further studies about oil palm and confirmed the created transcriptome.  
In the Arecaceae family there are 187 genera and 2,447 species 
(http://www.theplantlist.org/browse/A/Arecaceae/). Three of these genera, Elaeis, Cocos and Phoenix, are the 
three main economical plants in the palm family due to their importance in producing energy-source fruits as oil 
and sugar. The transcriptomics comparisons in different issues, such as the GC content and transcript similarity, 
showed how closely related these species are and also how they can be related to one another according to the 
results of blast-based searches among their transcripts.  
Comparison with other plants also showed similarity between the studied plants. Our transcriptome shows good 
accordance with E. guineensis, P. dactylifera, and M. acuminata as monocotyledonous plants with most 
similarity confirming the previously reported comparisons. Surprisingly, the most similar after the three 
mentioned monocotyledonous plants is G. max, which is a dicotyledonous plant, possibly due to its larger 
genome that contains more than 43,000 genes, which is larger than those of the other plants with less than 
30,000 genes. Another reason can be that this species is also an oleaginous plant and might share more common 
genes with E. guineensis in pathways that are related to the metabolism, biosynthesis and degradation of lipids, 
oils, fatty acids, etc. The latter requires a more complete comparative study between these plants.   
The compared plant list continues with S. bicolor, A. thaliana, O. sativa, and Z. mays. The genome of A. 
thaliana was used to annotate our transcriptome as done previously in different studies of E. guineensis and is 
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the best-annotated model plant [1,5]. According to similarity, the transcriptome can be used as a reference for 
close plants whose transcriptome/genome are not available or exist with little information. 
Our results suggest that similarity between plants in transcript level can present a new view of how plant 
biodiversity can explain the molecular relationship among plants belonging to same or different family. In 
addition, our results recommend that available omics tools, such as sequencing, bioinformatics, and 
biostatistics, work well for doing this type of investigation but still require more time to respond to questions 
about plant biodiversity and require more advanced approaches to empower further related studies in such areas 
using genomics, transcriptomics and functional genomics [35]. 
Conclusions 
Molecular datasets, primarily the transcriptome and genome, of E. guineensis, as well as those of other plants 
from the Arecaceae family, are in their infancy, and the demand for such data and information is increasing due 
to the importance of these plants. There are recent publications of the oil palm (E. guineensis) genome [1], date 
palm (P. dactylifera) nuclear genome and other reports of gene models and transcriptome [26,30,36] and  
coconut (C. nucifera) transcriptome [32] as the first available datasets for these valuable closely related plants. 
To our knowledge, this is the first foliar whole transcriptomics report of E. guineensis as a very important 
species of the Arecaceae family.  
Using Illumina® HiSeq 2000™ technology and short read assembly, 1,273,882,948  paired-end reads were 
processed and assembled to obtain a 111,614,711-bp foliar transcriptome of E. guineensis and to generate 
115,598 transcripts as expressed gene sequences from the leaf tissue of oil palm (E. guineensis) using a 
designed strategy of mapping and de novo assembly. The reads were mapped against the available reference, the 
unmapped reads were extracted and assembled de novo, and the mapped and de novo assembled reads were 
combined to generate the transcriptome.  
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Our results suggest that the strategy of using mapping and de novo assembly to extract the transcriptome 
worked well for our transcriptomics study and provided a reliable transcriptome as confirmed by different 
comparisons with other plants. In addition, regarding the findings from GO terms and different biological 
pathway databases, some metabolic, energetic, photosynthetic, carbohydrate, lipid and organic compound 
biosynthesis pathways in oil palm were revealed. The findings of different searches among distinct pathway 
databases suggest that the generated transcriptome is a representative transcriptome covering several key 
pathways in oil palm plant. Different comparisons among our transcriptome and other plant datasets confirm the 
speciation relations among oil palm and other plants as shown by similarity between oil palm and other family 
members, including E. oleifera, C. nucifera, P. dactylifera and other plants, like M. acuminata. 
Our results show that our assembled transcriptome is a new value-added transcriptome that is presented here as 
confirmed by comparisons between different transcriptomes. This transcriptome contains more assembled 
transcripts, while it covers the previously published transcriptome of oil palm. We have sampled an expansive 
and diverse expressed gene catalog and a comprehensive set of transcripts for E. guineensis representing a large 
proportion of the genes that are expressed in oil palm, which will useful for downstream studies and 
investigations.  
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Fig. 1. The designed workflow for obtaining E. guineensis transcriptome. The workflow starts from sequencing files 
containing sequences of reads that were obtained from a HiSeq 2000™ sequencing machine and ends with the master 
transcriptome as the final product and annotation and GO/Pathway enrichment to complete the workflow.  
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Fig. 2. The length distribution of transcripts. The transcripts are between 500 and 17,009 bp. The transcripts with 500-
600 bp are the most abundant group with 26,836 transcripts, while transcripts with more than 3,000 bp possess 1,053 hits. 
The master transcriptome includes 115,598 transcripts that were generated in this study. 
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Fig. 3. The GC content distribution of the transcripts. The distribution of the GC content among the transcripts was 
calculated and drawn. As depicted, the main GC content is between 30%-60% with the most transcripts. 
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Fig. 4. The numbers of GO terms. The numbers of GO terms in each category according to the options that were used in 
the GO classification.  A) single-count method and B) accumulative all-count method. 
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Fig. 5. Photosynthesis KEGG pathway map. A total of 281 E. guineensis transcript hits were found that are involved in 
the photosynthesis pathway. 
مسب هّللا نمحرلا میحرلا َدَعَو ُهّللا َنیر ِباّصلا َجَرخَم لا ّامِم نوهَرکَی َو َقزّرل ا نِم ُثیَح نوبِسَتحَیلا َانلَعَج ُهّللا مُکّایِا نِم َنیذَلا ٌفوَخلا مِهیَلَع َو لا مُه نونَزحَی . 
38 
 
 
Fig. 6. GO term network for the three categories under GO_FULL terms. The above left shows the biological 
process network. The above left shows the cellular component, and the above right shows the molecular function network. 
The networks can be accessed in S11 Fig. because the intensive network map does not permit a high resolution in the 
article. 
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Fig. 7. The cladistics tree. The taxonomy IDs were extracted from the NCBI Taxonomy Browser 
(http://www.ncbi.nlm.nih.gov/Taxonomy), and the tree was drawn using iTOL (http://itol.embl.de/itol.cgi) [28].  
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Summary: Differentially expressed oil palm genes involved in drought response revealed by 
various mechanisms, processes and networks.  
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ABSTRACT 
Oil palm (Elaeis guineensis Jacq.) is the most important oleaginous plant. Water availability is a 
key factor that limits plant survival and yield, negatively impacting oil palm productivity. The 
molecular mechanisms of oil palm that respond to drought remain unclear. Because of the 
importance of oil palm to global palmiculture, research to understand the molecular mechanisms 
of oil palm drought response was conducted. RNA-Seq was used as the transcriptomics method 
of choice to obtain a catalog of genes responsive to water deficit. Gene expression of two 
different oil plant genotypes was studied to cover more differentially expressed genes. A gene 
catalog including 2215 genes/transcripts were generated that 1907 of them were known genes. 
The genes encoding different groups like transcription factors, kinases, protein modification 
agents, abscisic acid, secondary metabolites, photosynthetic subunits, sugars, osmoprotectants 
were found as oil palm response to drought. Regulation overview showed 1302 genes with most 
abundant as 393 genes encoding transcription factors, 392 genes of protein degradation and 
modification and 146 genes of kinases suggesting importance of regulatory mechanisms in oil 
palm drought response. Abscisic acid related genes were expressed differentially suggesting 
drought responsive roles of abscisic acid. An oil palm drought response hypothesis was 
established suggesting that a complex of genes associated with different organelles, primary and 
secondary metabolism, transduction, transcription, signaling, apoptosis, oxidative, and osmotic 
events are involved in responsive processes. The data highlight the new finding of an oil palm 
drought-responsive gene catalog. This drought response gene catalog provides a basic database 
for the further investigation of oil palm on water deficit. 
Keywords: water deficit, drought stress, RNA-Seq, Oil palm, Elaeis guineensis 
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INTRODUCTION 
Stress is defined as the “critical threshold” in which conditions are either not met or are 
overstepped, causing a living organism to deviate from its normal life. This threshold can 
manifest as two extremes of one factor, such as an excess or scarcity of water, a temperature 
increase or decrease, a low or high intensity of light, or other factors. The main limiting factor 
for plants, including crops, in nature is water deficit (Ryan, 2011). 
Plants have distinct responses to drought stress according to stress severity and the nature and 
species of the plant, and they have a wide range of responses covering biome-to-molecule, 
ecological, physiological, morphological, biochemical and molecular aspects (Akinci and Lösel, 
2012). Upon exposure to a water deficit, changes in various processes and molecules are induced 
to regulate plant responsive mechanisms to such limiting conditions. Changes in genic 
expression enable plants to gain the ability to boost their drought survival and production. Thus 
understanding how gene expression makes plants tolerate undesirable drought condition, which 
processes and mechanisms are involved in plant drought response is very critical for plant 
biology in terms of finding tolerant and resistant plants to drought. 
Oil palm (Elaeis guineensis Jacq.) belongs to the Arecaceae (Palmae) family, the subfamily 
Arecoideae, tribe Cocoeae and subtribe Elaeidinae, and the genus Elaeis. It is the primary plant 
in vegetable oil production. It accumulate up to 90% oil in its mesocarp, the highest in Plantae 
(Bourgis et al., 2011), and is the cheapest oil producer plant with production life of 25-30 years.  
Oil palm requires approximately 1800-2000 mm of rain annually for normal optimum production 
and cannot tolerate drought cycles of more than 90 days (Corley and Tinker, 2003). For 
economically viable commercial production, water deficits should be avoided because they can 
directly impact yield and production of oil palm fruit and oil (Sun et al., 2011). 
To comprehend drought response mechanisms, it is essential to identify and analyze water deficit 
responsive genes to observe how oil palm responds to drought and which mechanisms are 
involved. Basic transcriptomic and genomic information about this valuable plant are important 
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to attain critical goals with growing demands for oil palm (Singh et al., 2013) because they can 
reveal information about gene functionality and expression in response to desiccation that can 
serve as basic information for plant breeding programs.  
RNA-Seq approach allows high-throughput analyses of the genic expression changes induced by 
environmental cues, confirming data that were previously obtained with targeted analysis and 
extending the scope of investigation on plant stress (Jazayeri et al., 2015). As gene expression 
and transcriptome profiles are dynamically shifted by a water deficit condition, RNA-Seq can 
help find differential expression patterns in response to drought (Kakumanu et al., 2012). It can 
help us understand more complicated biological systems, molecular aspects, pathways and 
relationships in plants and allow us to study their responses to drought stress more thoroughly.  
To advance our understanding of oil palm water deficit responses, we highlight here the results 
of an RNA-Seq transcriptome analysis using Illumina
®
 sequencing technology in well-watered 
and drought-stressed oil palm leaves of two contrasting genotypes. To promote our view on 
prolonged drought stress, two sampling points at 4 and 8 weeks after treatment (WAT) were also 
analyzed. Using Bowtie2 and SOAPdenovo-Trans, a combination strategy of mapping and de 
novo assembly was performed to improve the transcriptome assembly quality and accuracy. 
Annotation was performed using blastx and Arabidopsis protein collection to facilitate and 
improve subsequent analyses. Differential expression quantification was conducted to evaluate 
oil palm genic response to drought using DESeq. A drought responsive gene catalog was 
generated. To make the study more powerful, GO (Gene Ontology) enrichment analysis was 
performed to reveal which DEGs are involved in drought response regarding GO terms. To more 
clearly analyze and visualize the processes involved and the mechanisms and functions, the tools 
including MapMan, BiNGO and GeneMANIA were used to output biological processes, 
pathways, and networks using the generated drought responsive gene catalog. 
RESULTS 
Two Oil Palm Genotypes 
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By daily monitoring to measure photosynthesis rate, IRHO 7010 showed a decreased 
photosynthesis reduction percentage at both sampling points whereas IRHO 1001 exhibited an 
even greater photosynthesis decrease (Table 1). Thus they behaved differently in terms of 
photosynthesis/drought and IRHO7010 was considered more drought tolerant genotype while 
IRHO1001 was not. A procedure was designed and used to prepare samples from leaf 
collections, followed by extraction and then sequencing (Table 2). 
Oil Palm Drought Responsive Gene Catalog  
In total there were twelve samples including three samples (well-watered, drought at 4 weeks 
after treatment and drought at 8 weeks after treatment) for each genotype in two biological 
replicates. The two biological replicates were sequenced by two independent runs. In the first run 
all six samples of two genotypes were seeded in one lane of sequencing plate. In the second run 
two lanes were used in each lane three samples of each genotype. In total, 1.27 billion reads, 
each 101 nucleotides long, were generated, with approximately 106 million reads for each 
sample. Averagely 95.83% of reads in the samples were aligned to the transcriptome and 93.22% 
of read were aligned in pairs (Dataset S1). The 4 pairwise comparisons were used in subsequent 
oil palm drought responsive gene cataloging and analyses (Table 3) representing DEGs for each 
genotype in both samplings (Dataset S1). In total, 3672 transcripts were summed from two 
genotypes. After filtering duplicates, 2215 genes remained as the oil palm drought response gene 
catalog. Of these, 1907 DEGs were successfully annotated and 308 remained unknown (Figure 1, 
Dataset S2). The differentially expressed genes those were not common between both genotypes 
in the relevant comparisons, i.e. when WW plants were compared with DT plants for each 
genotype, were mainly expressed in another genotype but did not show differential expression. 
GO Enrichment 
The 1907 accumulated DEGs were subjected to BiNGO to generate the GO-based network 
classified into three main GO categories i.e., biological function (BF), molecular process (MP) 
and cellular component (CC). The BF category covered 22304 terms, 502 nodes, and 824 edges 
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(Figure 2), whereas the MF category possessed 24443 terms, 169 nodes, and 196 edges (Figure 
3) and the CC category included 19822 terms, 113 nodes, 222 edges (Figure 4). (See Dataset S3 
for the entire list for each category and also Figure S1, 2, 3 for high resolution maps) 
30 genes of the GO term “response to water deprivation, GO:0009414” were found as common 
genes among the GO terms, including osmotic stress, oxidative stress, and ROS response to 
overview common genes categorized in different GO terms. These genes mainly belong to TFs, 
kinases, ABA biosynthesis, signaling, ubiquitination, and functional enzymes (Table 4).   
MapMan Overview Maps  
The 1907 DEGs as the input into MapMan databases and maps were mapped into 3620 data pins. 
740 DEGs were visibly assigned in the Metabolism Overview map mainly involved in lipid 
biosynthesis, secondary metabolism, cell wall, starch and sucrose, ascorbate and glutathione, 
photosynthesis and photorespiration pathways (Figure 5).  
The Regulation Overview map with 1302 data points covered mostly TF-related genes with 393 
genes in the bin category “RNA regulation of transcription” followed by 219 genes in the 
“protein degradation” bin, 173 genes in the “protein posttranslational modification” bin, and 
signaling receptor kinases and calcium regulation with 146 and 48 genes, respectively; these 
were the categories possessing the most abundant genes. Hormonal agent DEGs from most to 
least abundant included ET (ethylene), IAA (indole acetic acid), BA (brassinosteroid), ABA 
(abscisic acid), GA (gibberellic acid), CK (cytokinin), JA (jasmonic acid), and SA (salicylic 
acid). Additionally, DEGs involved in signaling related pathways including G-Proteins, MAPS 
kinases and Phosphoinositides were mapped. Redox pathways including thioredoxin, heme, 
ascorbate/glutathione, periredoxin and dismutase/catalase pathways showed involvement in oil 
palm drought response (Figure 6 and Dataset S4).  
In the Cellular Response map in which 456 DEGs were assigned, two types of stresses, i.e., 
biotic and abiotic, as well as redox, cell division, cell cycle and development were reviewed 
(Figure 7). In the biotic stress category, 106 genes were assigned, and in the abiotic category, 
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129 genes were assigned and also 144 DEGs as a key function of development related genes 
were found (Dataset S5). 
Twenty genes were directly found in the drought category of the Cellular Response map, 
including RCD1 (radical iduced cell death1), UPL1 (ubiquitin-protein ligase 1), NF-YC2 
(nuclear factor Y; subunit C2), UPL2 (ubiquitin-protein ligase 2), CDSP32 (chloroplastic 
drought-induced stress protein of 32 KD), TSD2 (tumorous shoot development 2), dehydration-
responsive family protein, CAMBP25 (Calmodulin (CAM)-binding protein of 25 KDA), ERD15 
(early responsive to dehydration 15), AT3G05700 hypothetical protein in drought response, 
RCI2B (rare-cold-inducible 2B), ATDI21 (Arabidopsis thaliana drought-induced 21), ERD3 
(early-responsive to dehydration 3),  RD22, CBF4 (C- repeat-binding factor 4), an AP2 domain-
containing protein and 2 unknown proteins.  
Chloroplasts and Photosynthesis Related Genes 
Photosynthesis-related genes were analyzed using the MapMan Photosynthesis map with 127 
DEGs assigned to the map. Seventy-two DEGs were pinned to the chloroplast compartment 
(Figure 8). The assigned genes mainly related to Photosystems I and II were underexpressed. 
They primarily belong to different subunits of both photosystems, i.e., PSA (Photosystem I 
subunit), such as PSAK, PSAO, PSAE, PSAG, PSAH, PSAN and PSB (Photosystem II subunit), 
such as PSB28, PSBP1, PSBQ, PSBR, PSBX, PSBY, PSBW. In both photosystems, the Ca-
dependent subunits, i.e., PSAN and PSBQ, were downregulated.  
LHC (Light-Harvesting Complex Binding) proteins were dynamically influenced and mainly 
underexpressed. Different ATP synthases and ACP (Aryl Carrier Protein) in both photosystems 
were downregulated. The photorespiration pathway showed various DEGs in peroxisomes, 
mitochondria and chloroplasts. The Calvin Cycle genes related to the Rubisco subunit and the 
Rubisco interacting bin, such as Rubisco activase, chaperonin and chaperon, were dynamically 
modified. The genes expressed in the chloroplasts encompass rRNA and tRNA in translation 
processing to different electron carriers in ox/red reactions, such as plastocyanin, ferredoxin and 
cytochrome.  
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Plant Glycolysis and Raffinose Metabolism  
50 data points were found involved in glycolysis pathway and 57 DEGs in raffinose metabolism 
map (Figure 9). USP (universal stress protein), aldehyde dehydrogenase, L-Lactate 
dehydrogenase, alcohol dehydrogenase, GALK (galactokinase), glucose phosphomutase, and 
SUS4 (sucrose synthase) were overexpressed while some fermentation-related genes including 
pyruvate decarboxylase  and sorbitol dehydrogenase, GOLS (Galactinol synthases), UDP-
glucose 4-epimerase, phosphofructokinase, triose phosphate isomerase, MIPS (inositol-3-
phosphate synthase), fructofuranosidases, and malate oxidoreductase were underexpressed.  
RNA-Seq and Real Time Quantitative PCR Validation  
To assure and confirm the accuracy and reproducibility of RNA-Seq results, a list of genes from 
different comparisons were chosen. The primers, amplicons and sequences of the transcripts are 
found in Dataset S6. Correlation between the data obtained from RNA-Seq and qRT-PCR was 
assessed using fold change measurement. The scatterplot was generated using the log2-fold 
change assigned for correlation between RNA-Seq and qRT-PCR. The expression trend of the 
selected transcripts showed significant similarity (R
2
=0.88) between the RT-qPCR and RNA-Seq 
results confirming the reproducibility of RNA-Seq (Figure 10). 
DISCUSSION 
Novel Gene Catalog and Information for Oil Palm Drought Response 
The DEGs from the different pairwise comparisons (Table 3) were accumulated to generate a 
final list of 2215 DEGs as the oil palm drought response gene catalog (Figure 1, Dataset S2) in 
order to acquire a better idea of how oil palms can respond to water deficits. This list includes all 
genes that were expressed differentially in two contrasting oil palm genotypes in response to 
water deficit. This strategy was employed to produce a more extensive and intensive global view 
of oil palm response to prolonged water deficit due to lack of information on oil palm and in 
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order to generate a more informative list. The complexity of oil palm’s response to water deficit 
was revealed by RNA-Seq, confirming that it is a powerful method in transcriptomics studies to 
generate more novel information.  
The data obtained from MapMan analyses suggest that oil palm activates differential genic 
expression in response to drought by employing distinct organelles, activating different 
mechanisms and altering various pathways, such as lipid, carbohydrate, nucleic acid and protein 
metabolism, cell wall, photosynthesis, amines, polyamines, PCD, protein ubiquitination, 
signaling transduction, regulatory events, and other pathways (Figure 5-9) as previously reported 
in plants (Harb et al., 2010; Bhargava et al., 2013; Osakabe et al., 2014).  
Molecular interaction and crosstalk between biotic and abiotic stresses, commonly involving 
elements of different abiotic stresses, such as heat, salinity, and cold with drought as well as 
genes involved in PGRs, such as ABA, auxins, ET, SA, and JA, were also revealed by MapMan 
(Figure 7, Dataset S5) as it has been reported that play a role stress signaling networks among 
different biotic and abiotic stresses (Fujita et al., 2006; Ben Rejeb et al., 2014).   
Responses of Sugar Related Genes 
Different genes encoding enzymes and TFs in sugars and raffione biosynthesis, such as SUS4, 
TPP (trehalose phosphate phosphatase), SnRKs (serine/threonine-protein kinase), CBFs, RD22, 
WRKYs and bZIPs, USP, GALK, glucose phosphomutase, and MIPS were altered suggesting 
that the regulatory network in ABA-sugar crosstalk, signaling transduction and their subsequent 
products likely becomes active in oil palms as a response to water deprivation to alleviate stress 
impacts (Finkelstein et al., 2002; Hey et al., 2010; Liu et al., 2013b).  
Also the differential expressions of sugar related genes were considered as oil palm response to 
generate more sugar osmoprotectants like trehalose and fructan, polyols such as mannitol and 
sorbitol, RFOs (raffinose and fructan family oligosaccharides), disaccharides such as sucrose and 
trehalose, and monosaccharides such as glucose have been reported to be modified and act as 
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carbon reserves, osmolytes and osmoprotectants and to stabilize proteins and membranes during 
drought (Krasensky and Jonak, 2012).  
Antioxidants and ROS Scavengers 
Catalases, including CAT1 and CAT2, APX (ascorbate peroxidase), GSTU (glutathione s-
transferase), GPX2 (glutathione peroxidase) and ALDH7B4 (aldehyde dehydrogenase 7B4) were 
altered in both genotypes and at both sampling times suggesting that enzymatic antioxidants are 
typical in oil palm drought response. Osmotic and oxidative stresses are involved in response to 
water deprivation conditions by ROS systems and antioxidative activity (Mittler, 2002).  
Other osmotic, oxidative, ROS and hydrogen peroxide stress related genes, such as ADAP (AP2-
like ethylene-responsive transcription factor), RD22 (dehydration-responsive protein), SnRK2.3, 
ERD15 (dehydration-induced protein), TRX-M4 (thioredoxin M4), and MBF1B (multiprotein 
binding factor 1B)  were favorably altered by water deficit adaptation indicating that osmotic and 
oxidative stresses are subsequently involved in oil palm drought response as reported previously 
in Arabidopsis, maize and rice (Kim et al., 2007; Arce et al., 2010; Alves et al., 2011; Fujii et al., 
2011; Kaye et al., 2011; Lu and Holmgren, 2014).  
Different GSTU (TAU), including GSTU8, GSTU18, GSTU19, GSTU22, GSTU25 as well as 
putative GSTU, GST lambda and GST TCHQD, were differentially expressed in both genotypes 
and at both sampling times indicating their importance in oil palm drought response. Both under- 
and overexpression were observed for GST suggesting that they can play different roles, such as 
signaling and functional roles, and aiding detoxification as previously observed in Arabidopsis, 
Pinus bruita, and Pyrus pyrifolia (Yilmaz, 2006; Dixon et al., 2010; Chen et al., 2012; Liu et al., 
2013a).  
These results indicate that oil palm employs different mechanisms of oxidative and osmotic 
stress, ROS scavenging, detoxification and signaling provoked by water shortage conditions as a 
common response to drought. 
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ABA Functions  
Expression of G-proteins, magnesium chelatase subunit H,  ABA1, ABA2, ABC transporter G 
family member, GroES-like protein, CA1 carbonic anhydrase 1, RPK1 (receptor-like protein 
kinase 1), COL4 (zinc finger protein CONSTANS-LIKE 4)  and different protein phosphatases 
that are involved in stomata opening/closure, ABA synthesis and signaling were dynamically 
altered in oil palms. This confirms that ABA plays a prominent role in oil palm drought 
response, and ABA as a central molecule can relate different gene expression patterns to a 
network of responses and pathways as previously reported in other plants as an accepted model 
for ABA-drought relation  (Ye et al., 2012; Komatsu et al., 2013).  
Signaling Complex Mechanism  
Signaling and regulatory molecules, including but not limited to TFs, protein modification agents 
and kinases, were the most abundant differentially expressed transcripts (Figure 6) whose 
expression was dynamically altered under drought conditions suggesting an important drought 
response mechanism for signaling allowing oil palm to react to water deficit by regulatory key 
roles in regulation and signal transduction processes. 
Of these signaling molecules, CP1 (Ca
2+
-binding protein 1), 
CIPK1,CIPK9,CIPK18,CIPK20,CIPK23 (CBL-interacting serine/threonine-protein kinases), 
PP1C/PP2A and PP2C (protein phosphatase), MAPKKK5,14,15 (mitogen-activated protein 
kinase kinase kinase), KIP1-like (Kinase interacting family proteins), RLK1, LRR (Leucine-rich 
repeat) family proteins, were observed in both genotypes at both sampling times indicating that 
they can be considered as general oil palm drought response agents as previously reported that 
they work in cascades of molecular networks, signal transduction and perception (Finkelstein et 
al., 2002).  
Gene Network System of the drought responsive genes  
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It appears that many genes can participate in complex networking processes during prolonged 
water deficit conditions in oil palms according to the obtained results for the DEGs as found by 
the GeneMANIA analysis (Figure 11). The network created by GenMANIA showed 1924 nodes 
and 128405 edges among 1907 DEGs (Dataset S7). Among the genes and GO terms in different 
nodes, the annotation related to water deficit like “response to water deprivation”, “response to 
water” and other stresses like “response to oxidative stress”, “response to reactive oxygen 
species”, “response to heat”, and “ response to abiotic stimulus” were found. These data suggest 
that oil palms adopted a natural intrinsic behavior to respond to drought by means of different 
processes using different interactions, co-localization, shared domain and coexpression 
networking among distinct DEGs. 
Oil Palm Water Deficit Response Hypothesis 
The impacts of drought stress events, such as strength, duration, and rate of progression, can 
affect the reactions of plants. Several factors and items can be studied differently depending on 
the aims of the study. In cellular research, the organelles can be studied for their reactions and 
activities in response to drought whereas at a molecular level, genes, proteins and their products 
are of interest. Notably, RNA-Seq can reveal the different responses at the desired levels by 
disclosing differential expression of involved transcripts that can be compartmentalized in 
different organelles, pathways and processes.  
Our working hypothesis is a general example of the acquired results. At stress levels, drought 
can provoke the occurrence of other stresses such as oxidative or osmotic stresses. In 
compartmentalization, the organelles likely involved are mentioned, including but not limited to 
the nucleus, chloroplasts, mitochondria, membranes, cell walls, and ER (endoplasmic reticulum). 
Primary and secondary metabolism products are grouped as primary metabolites including 
nucleic acids, proteins, carbohydrates and lipids and secondary metabolites such as terpens, 
alkaloids, phenols, amines, flavonoids, and others. These metabolites are involved in oil palm 
drought response as well. Functional and regulatory mechanisms and genes were of the oil palm 
responses to drought. The processes like ROS, PCD, and signaling are included in the 
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subsequent level of oil palm drought response. The final point is the result from all mentioned 
items at different levels as drought responses including scape, avoidance, adaptation, tolerance, 
resistance, confrontation and evolution (Figure 12). 
CONCLUSION 
An oil palm drought-responsive gene catalog including 2215 genes in total and 1907 known 
genes was generated. The generated drought response gene catalog disclosed many novel genes 
involved in drought response in oil palms.  
Our study revealed, that (1) genes involved in photosynthesis like subunits of both photosystem I 
and II and LHC proteins were mainly down-regulated, (2) genes involved in regulation like TFs, 
kinases and protein modification agents were the most abundant (3) regulatory genes encoding 
e.g. TFs or signal transduction proteins as well as functional genes encoding e.g. secondary 
metabolites, sugars, plant hormones were up- and down-regulated (4) ABA related genes with 
different roles such as stomatal closure/aperture, signaling and biosynthesis were altered. The 
results imply that, simultaneously, a transcript of a gene is overexpressed and another transcript 
of the same gene can be underexpressed. This behavior was observed mainly in genes with 
regulatory function in transcription and signaling. The results suggest that regulatory genes are 
more involved in oil palm drought stress response than functional genes. 
Also a hypothesis was suggested which showed that different genes, mechanisms, pathways, 
organelles and processes are involved in oil palm drought response and the response of oil palm 
to drought is a complex of many elements and agents. The authors suggest the overall general 
interpretation of DEGs as a package is more effective and efficient than the explanation of 
individual gene expression or relation based on only one DEG involved in drought. However, 
this requires more tools and more knowledge of gene expression networks as RNA-Seq data 
indicate and direct us to more thorough subsequent studies. This study aimed to comprehending 
and perceiving oil palm responses to water deficits using transcriptomics and gene profile 
expression levels that are of additional assistance to study water deficit responses and functional 
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genomics and to discover plants that are suitable for screening programs. The data presented here 
can be used in future studies to discover functionalities, relational biological network and 
processes they might be involved and also in drought plant breeding. 
MATERIALS AND METHODS 
Plant Leaf Samples  
The study was performed at the experimental area of “El Palmar de La Vizcaína”, 
Barrancabermeja, Santander Department, Colombia, a tropical rainforest agroecological zone 
with a 34°C average temperature, a relative humidity of 70.5% and an annual rainfall of 3,852 
mm. Two oil palm hybrids of “Deli” x “La Me” crosses were chosen as two widely cultivated 
commercial oil palms in Colombia because of their oil yield, known as IRHO 7010 ((DA 115 D 
× DA 3 D) × LM 2 T × LM 10 T) and IRHO 1001 (DA 115 D AF x LM 2 T AF). The water 
treatments were -0.042 MPa (field capacity) for the  control or well-watered (WW) plants and -
1.5 MPa  as the water deficit or drought treatment (DT) approximating  severe water deficit 
conditions for E. guineensis. The plants were under a mesh house installation. 
The recently germinated oil palm plants normally were irrigated for 4 weeks and then transferred 
to pots with controlling soil humidity in the range of field capacity. After 4 weeks the irrigation 
was cut for the water deficit treatment while it continued for control plants. Finally when the soil 
tension reached to -1.5 MPa, the pressure was kept constantly on this point and photosynthesis 
reduction rate was registered. The first sampling was performed at 4 WAT. Then, the treatment 
of water deficit in -1.5MPa continued up to 8 weeks, when the leaves were collected and when 
the photosynthesis rate reduced to approximately 74% in IRHO 1001. In each collection, the 
sample leaves were cut in small size (approximately 0.5x0.5 mm
2
) and then saved in RNAlater 
(Qiagen, Germany) and in -80°C until extraction time. Each four different plants were pooled in 
two biological replicates for RNA-Seq and another pool was used for RT-qPCR.  
RNA Extraction, cDNA Synthesis and Sequencing 
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Following the manufacturer’s protocol, total RNA of each sample was extracted using 
RNAqueous®-4PCR kit (AM1914, Ambion®, USA). Additionally, it contains a DNase 
treatment step to eliminate gDNA most likely remaining from whole RNA extraction that was 
done. A Synergy MX Monochromator-Based Multi-Mode Microplate Reader (BioTek, 
Winooski, VT, USA) was used to quantify RNA. Total RNA quantity was determined 
considering a purity range > 1.9. Additionally, to qualify extraction, 1.2% agarose gel 
electrophoresis was used with SYBR® Safe DNA gel stain (Invitrogen, USA).  Because RNA is 
very sensitive to degrading enzymes, all water used to prepare solutions and cleansing was 
treated with DEPC (Diethylpyrocarbonate, Sigma, D5758) in a ratio of 0.1% v/v DEPC/water to 
inactivate RNAse enzymes and prevent RNA degradation.   
cDNA library preparation and sequencing were performed according to the following procedure 
provided by Macrogen Inc., Seoul, South Korea (http://www.macrogen.com), the sequencing 
agent. 
mRNA in total RNA was converted into a library of template molecules suitable for subsequent 
cluster generation using the reagents provided in the Illumina®  TruSeq™ RNA Sample 
Preparation Kit. The first step in the workflow involved purifying the poly(A) containing mRNA 
molecules using poly(T) Oligo attached magnetic beads. Following purification, the mRNA was 
fragmented into small pieces using divalent cations at elevated temperatures. The cleaved RNA 
fragments were copied into first strand cDNA using reverse transcriptase and random primers. 
This was followed by second strand cDNA synthesis using DNA Polymerase I and RNase H. 
These cDNA fragments then went through an end repair process, the addition of a single “A” 
base, and then ligation of the adapters. The products were then purified and enriched with PCR 
to create the final cDNA library. Using an Illumina®HiSeq2000™ sequencing machine, the 
cDNA libraries were run according to the Illumina® procedure and following the standard 
protocol. Reads of 101 bp were generated as the outputs of two independent sequencing runs 
whereas cDNA fragment libraries were between 300-500 bp. 
Quality Control, Correction, Mapping, Assembly and Annotation 
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De novo transcriptome assembly, differential gene expression analysis and GO/pathway 
enrichment analysis were performed by ContigExpress, LLC (New York, NY, USA). 
All sequencing files were quality controlled using the FastQC program 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) that is a quality control tool for high 
throughput sequence data to evaluate their attributes and to assure the reads are of adequate 
quality for the downstream steps.  
Briefly, assembly was performed using both mapping and de novo techniques to have better 
quality and accuracy because only recently was the oil  palm genome and transcriptome 
published (Singh et al., 2013), and this was used as the available reference. Bowtie2, version 
2.1.0, (Langmead and Salzberg, 2012) was used to map the reads under the “-very-sensitive” 
setting to improve mapping sensitivity and accuracy.  
The mapped sequences were saved for subsequent tasks and the unmapped sequences reported 
by Bowtie2 were subjected to K-mer error correction using Quake (Kelley et al., 2010) because 
the read quality is critical to de novo assembly accuracy and effective reduction of the 
computation complex. The corrected reads pool was saved as properly paired reads, and the 
remaining reads were deposited as single-end reads. Both corrected paired-end and single-end 
reads were utilized in the subsequent de novo assembly.  
SOAPdenovo-Trans, version 1.02, a special version of SOAPdenovo (Li et al., 2010; Luo et al., 
2012) was used to assemble the K-mer corrected reads. The outputs from both mapping and de 
novo assembly were combined with the published transcriptome previously mentioned. Using 
CD-HIT-EST (Cluster Database at High Identity with Tolerance for Expressed Sequence Tag)  
(Li and Godzik, 2006), version 4.5.4, with a similarity cutoff threshold of 90% to remove 
redundancy, the transcripts were clustered and subjected to length sorting with a cutoff of 500 
bp.  
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The transcripts were annotated against the Arabidopsis thaliana genome protein dataset using 
BLASTX (Camacho et al., 2009), version 2.2.29+, with an e-value cutoff of 1e-5 for six open 
reading frames in order to obtain the functional information for them.  
Differential Expression, Gene Ontology Enrichment, Gene Network and 
MapMan Analyses 
The raw paired-end reads were mapped to the assembled transcriptome using Bowtie2 
(Langmead and Salzberg, 2012), version 2.1.0 under the “--very-sensitive” setting. The resulting 
SAM files were sorted by the read names using picard (http://picard.sourceforge.net/), version 
1.79. HTSeq (Anders et al., 2014) (http://www-
huber.embl.de/users/anders/HTSeq/doc/count.html#), version 0.5.3, was utilized to calculate read 
counts of each transcript in each data set. 
DESeq (Anders and Huber, 2010) version 1.16.0 was used to detect and quantify differentially 
expressed transcripts. The standard options were utilized. Using Robinson and Smyth test based 
on negative binominal regression to identify differentially expressed transcripts of two biological 
replicates in each pairwise comparison, P-adj 0.1, p-value 0.05 and fold change more than 2/less 
than -2 were considered significant. 
To generate gene catalog, 4 desired comparisons were combined and filtered for similar gene and 
transcripts in different comparisons. The accumulated gene list was used for KOBAS, BiNGO, 
MapMan and GeneMANIA analyses. 
KOBAS 2.0 (Xie et al., 2011) was used to enrich GO terms. BiNGO v.3.1.0 as a Cytoscape 
plugin (Maere et al., 2005) was employed to analyze, integrate and visualize biological networks 
and three GO categories of all DEGs accumulated from the pairwise comparisons. The 
significant GO pathways and terms were extracted considering p-values ≤ 0.05 and corrected p-
values of ≤ 0.1 as significant. 
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MapMan was used to classify and visualize gene expression onto schemes of different metabolic 
processes and pathways (Thimm et al., 2004). Gene networking for all DEGs was produced 
using GeneMANIA (Warde-Farley et al., 2010), a plugin of Cytoscape. It can find co-
expressions, physical and genetic interactions, co-localizations, and protein domains for a set of 
genes of interest against a gene database. and generate and visualize a network of input genes.  
RT-qPCR 
To validate RNA-Seq, LightCycler 480 II was used to perform Real-Time quantitative PCR. 
Primer3, version 4.0.0 (http://bioinfo.ut.ee/primer3/) was used to design the primers for the 
selected genes and then the primers were checked for primer and amplicon secondary structure 
using Beacon Designer™ (http://www.premierbiosoft.com/qpcr/) and mFold 
(http://www.idtdna.com/Scitools/Applications/mFold/), respectively.  
GAPDH gene was used as the normalizing reference selected by using the RNA-Seq results to 
monitor the stably expressed reference gene. To normalize the concentration of cDNA input to 
downstream PCR reactions, 1 µg of DNase-treated total RNA was converted to cDNA using the 
iScript™ Select cDNA Synthesis Kit (170-8896, Bio-Rad, USA) and oligo(dT) primer following 
the manufacturer’s protocol.  
RT-qPCR was performed using the EvaGreen Master Mix Kit (31020-T, Biotium, USA). The 
RT-qPCR program consisted of four parts: Pre-incubation was programmed at 95°C for 5 
minutes; PCR amplification included three steps: denaturalization at 95°C for 5 seconds, 
annealing at 60°C for 30 seconds and extension at 72°C for 5 seconds. A melting curve program 
was done by applying 95°C for 10 seconds, 60°C for 1 minute and 97°C continuous. The melting 
curve analysis was performed to confirm a single amplicon. Finally, a cooling program was set 
to 40°C for 10 seconds to decrease the temperature of the machine. Three technical replicates 
were calculated for each sample.  
The relative concentration method was used to obtain FC (fold change). The standard curve was 
generated by 3- or 4-log dilutions for each primer set of target and reference to determine the 
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concentration of each sample. The concentrations of the target gene (CT) and reference gene (CR) 
were separately calculated by the standard curve of each. Then, the ratio between the target gene 
concentration and the reference gene concentration was assessed as the normalized value for 
each target gene (Equation 1). Finally, to obtain the fold change and compare the two samples, 
the normalized value was used for each sample dividing both concentrations of two different 
samples. Eventually the ratio between the concentration values of each target produced the fold 
change (RC) as the pairwise comparison of two samples. 
Equation 1:  
𝑉 =  
𝐶𝑇
𝐶𝑅
 
in which V is the normalized sample value, CT is the target concentration obtained from RT-
qPCR, and CR is the reference concentration obtained from RT-qPCR 
Equation 2:   
𝑅𝐶  =  
𝑉1
𝑉2
 
in which RC is the relative expression of fold change based on the normalized concentration 
values from Equation 1, V1 is the normalized concentration value of sample 1 and V2 is the 
normalized concentration value of sample 2.  
The pertinent values obtained from the RT-qPCR for each pairwise comparison were used to 
validate RNA-Seq results. 
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Figure legends 
 
Figure 1. Screening procedure used to generate the oil palm water deficit response gene catalog. Different 
filtering steps were employed to present the final catalog in which the genes related to drought stress response in oil 
palms are found. This strategy to present all DEGs from two materials and treatments was adopted as it is required 
to have an overall view how oil palms can respond to drought conditions on a molecular basis because of a lack of 
information about this valuable oleaginous plant. 
Figure 2. Biological Process  network model for 1907 oil palm DEGs generated by BiNGO. The network parts 
can be found in Figure S1 in .svg format and details of network in Dataset S3. 
Figure 3. Molecular Function network created by BiNGO using all 1907 DEGs of oil palm in drought. The 
network parts can be found in Figure S2 in .svg format and details of network in Dataset S3. 
Figure 4. Cellular Componenet network for accumulated DEGs outputted by BiNGO. The network parts can 
be found in Figure S3 in .svg format and details of network in Dataset S3. 
Figure 5.  Metabolism overview map. 740 data points were visible in the map. Different pathways like lipid 
biosynthesis, secondary metabolism, cell wall, starch and sucrose, ascorbate and glutathione, photosynthesis and 
photorespiration are involved in oil palm drought response. 
Figure 6. Regulation overview map of oil palm drought response genes. 1,302 genes were visualized. As shown, 
TFs are the most abundant genes in the map with 393 pins. Additionally, the genes involved in drought reception 
and signaling (ABA-dependent and independent) are listed as G-proteins, Kinases, phosphoinositides, calcium, and 
phytohormone related genes were mapped. 
Figure 7. Cellular response map with 456 visible allocated pins. Many DEGs were mapped among biotic and 
abiotic stresses as well as plant development. Redox mechanisms, cell division and the cell cycle are also involved 
in oil palm drought response. Developmental DEGs with several genes involved in transcription, signaling, growth 
and protein modification suggest there are different processes that allow oil palms to respond to drought. 
Figure 8. DEGs mapped in photosynthesis (A) and chloroplasts (B) maps. Various subunits of both 
photosystems I and II as well as Rubisco subunits showed mainly downregulation, and photorespiration pathways 
demonstrated differential expression for some involved genes. 
Figure 9. Plant Glycolysis (A) and raffinose metabolism (B) map.  Different genes are involved in starch, 
sucrose, and carbon related metabolism oil palm drought response. Expression of carbohydrates was altered in favor 
of producing more sugars (mainly DEGs are under sucrose pathway) as osmoprotectants and crosstalk-signaling 
molecules with ABA. 
Figure 10.  RT-qPCR vs RNA-Seq result validation. For validation, a few genes were plotted by log2 of fold 
change values from RNA-Seq versus RT-qPCR. As R
2 
shows, there is a very high correlation between the two 
methods of gene expression determination.  
Figure 11. The network of DEGs responding to drought in oil palms generated by GeneMANIA. There were 
42 genes that did not have an interaction in the generated network (shown above and below the network) whereas 
the rest are involved in at least one interaction or co-expression with other genes. Dataset S7 contains a list of gene 
nodes and edges and a high resolution network based on GO ontology and gene functionality. 
Figure 12. Oil palm drought response hypothesis. The hypothesis covers many factors at different levels such as 
cellular compartments, primary and secondary metabolism, and genes and proteins grouped as functional and 
مسب هّللا نمحرلا میحرلا َدَعَو ُهّللا َنیرِباّصلا َجَرخَملا اّمِم نوهَرکَی َو َقزّرلا نِم ُثیَح نوبِسَتحَیلا اَنلَعَج ُهّللا مُکاّیِا نِم َنیذَلا ٌفوَخلا مِهیَلَع َو لا مُه نونَزحَی . 
25 
 
regulatory and others. Of those some are shown as it is very complex to depict the whole involved factors. Also 
likely various crosstalks exist according to the literature inferring this hypothesis for oil palms. The effects of 
drought on plants finally reach to 7 types of responses, as shown in the below part. NA: nucleic acids, CHO: 
carbohydrates, PGR: plant growth regulators, PCD: programmed cell death.  
 
  
مسب هّللا نمحرلا میحرلا َدَعَو ُهّللا َنیرِباّصلا َجَرخَملا اّمِم نوهَرکَی َو َقزّرلا نِم ُثیَح نوبِسَتحَیلا اَنلَعَج ُهّللا مُکاّیِا نِم َنیذَلا ٌفوَخلا مِهیَلَع َو لا مُه نونَزحَی . 
26 
 
Table 1. Analysis of physiological parameters showing the difference between the two oil palm genotypes. IRHO 7010 showed 
less photosynthesis reduction rate in 4 and 8 WAT. IRHO 1001 exhibited more reduction in photosynthesis performance, 
suggesting less tolerance. A t-test was used to evaluate the significant difference between samples (P ≤ 0.05). WW: well-watered or 
control; DT: water deficit or drought treatment; WAT: weeks after treatment. The values presented in the table are means of each 
sample replicate measurement. Pn: photosynthesis. 
WAT Sample   Soil moisture (MPa) Pn (molCO2•m
-2•s-1) Pn reduction % 
4 
WW_7010_4 -0.042 10.83a  
WW_1001_4 -0.042 12.49a  
DT_7010_4 -1.5  8,35 b - 23.82a 
DT_1001_4 -1.5  6.72c - 46.19b 
8 
WW_7010_8 -0.042 11.05a  
WW_1001_8 -0.042 11.86a  
DT_7010_8 -1.5  5.305d -48.14c 
DT_1001_8 -1.5  2.64e 74.45d 
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Table 2. Procedure used as experimental tabular design from leaf sampling to sequencing.  Two independent runs 
(run1:A (one sequencing lane for all samples) and run2: B and C (two sequencing lanes used each for 3 samples)) were 
performed from two pools of 4 plants for each sample as two biological replicates.  12 sequencing output files of two 
biological replicates were processed in downstream analyses. WAT: week after treatment. 
Treatment Control ( -0.042MPa), WW Drought treatment (-1.5MPa), DT 
Material IRHO 7010 IRHO 1001 IRHO 7010 IRHO 1001 
Sampling WAT 4 4 8 4 8 
Code WW_7010 WW_1001 DT_7010_4 DT_7010_8 DT_1001_4 DT_1001_8 
# of Plants in 
RNA extraction 
pool 
4 4 4 4 4 4 4 4 4 4 4 4 
Sequencing 1 2 1 2 1 2 1 2 1 2 1 2 
Run A B A C A B A C A B A C 
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Table 3. The selected pairwise comparisons used to generate the oil palm response gene list. The 
DEGs of all comparisons were combined, filtered to remove duplication, and listed as the output 
list. 
Treatment comparison # of DEGs 
DT_1001_4 vs WW_1001 114 
DT_7010_4 vs WW_7010 2431 
DT_1001_8 vs WW_1001 98 
DT_7010_8 vs WW_7010 1029 
Total 3672 
Oil palm drought responsive gene catalog 2215 
Annotated genes 1907 
Unannotated genes 308 
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Table 4.Genes categorized in “response to water deprivation, GO:0009414” term. They are also found in other 
GO terms such as “response to abiotic stimulus, GO:0009628”, “response to osmotic stress, GO:0006970”, “cell 
wall, GO:0005618”, “response to reactive oxygen species, GO:0000302”, “response to oxidative stress, 
GO:0006979”, “response to endoplasmic reticulum stress, GO:0034976” suggesting a crosstalk among different 
mechanisms related to oil palm drought response. 
Arabidopsis GI Name Description 
AT4G04330 
 
Chaperonin-like RbcX protein 
AT1G16060 ADAP AP2-like ethylene-responsive transcription factor 
AT5G66880 SNRK2.3 serine/threonine-protein kinase SRK2I 
AT5G25610 RD22 dehydration-responsive protein RD22 
AT2G22430 HB6 homeobox-leucine zipper protein ATHB-6 
AT2G41430 ERD15 dehydration-induced protein ERD15 
AT1G14000 VIK VH1-interacting kinase 
AT1G47128 RD21 cysteine proteinase RD21a 
AT1G54100 ALDH7B4 aldehyde dehydrogenase 7B4 
AT1G27320 HK3 histidine kinase 3 
AT3G45140 LOX2 lipoxygenase 2 
AT2G44060 LEA2 Late embryogenesis abundant protein, group 2 
AT5G26340 MSS1 sugar transport protein 13 
AT5G67030 ABA1 zeaxanthin epoxidase 
AT1G78380 GSTU19 glutathione S-transferase TAU 19 
AT2G36830 GAMMA-TIP aquaporin TIP1-1 
AT3G19970 
 
hypothetical protein 
AT1G73480 
 
alpha/beta-Hydrolases superfamily protein 
AT4G18010 5PTASE2 Type I inositol-1,4,5-trisphosphate 5-phosphatase 2 
AT3G55530 SDIR1 E3 ubiquitin-protein ligase SDIR1 
AT1G64060 RBOH_F respiratory burst oxidase 
AT5G44650 CEST protein CHLOROPLAST PROTEIN-ENHANCING STRESS TOLERANCE 
AT4G19120 ERD3 putative methyltransferase PMT21 
AT2G27690 CYP94C1 cytochrome P450, family 94, subfamily C, polypeptide 1 
AT4G18950 
 
Integrin-linked protein kinase family protein 
AT2G23840 
 
HNH endonuclease 
AT1G06620 
 
2-oxoglutarate-dependent dioxygenase-like protein 
AT1G29330 ERD2 ER lumen protein retaining receptor 
AT5G67300 MYBR1 transcription factor MYB44 
AT5G24090 CHIA chitinase A 
 
  
 
Figure 1. Screening procedure used to generate oil palm water deficit responsive gene catalog. Different 
filtering steps were employed to present the final catalog in which the genes related to drought stress response in oil 
palm are found. This strategy to present all DEGs from two materials and treatments was adopted as it is required to 
have an overall view how oil palm can respond to drought condition on the molecular basis due to lack of 
information about this valuable oleaginous plant. 
 
Filtering duplicates based on gene description: 2215 
Annotated genes:  1907  Unannotateds: 308 
Filtering duplicated based on transcripts: 2925 
DEGs from comparisons between material/treatment: 3672 transcripts 
 Figure 2. Biological Process  network model for 1907 oil palm DEGs generated by BiNGO. The network parts 
can be found in Figure S1 in .svg format and details of network in Dataset S3. 
 
 
 Figure 3. Molecular Function network created by BiNGO using all 1907 DEGs of oil palm in drought. The 
network parts can be found in Figure S2 in .svg format and details of network in Dataset S3. 
 Figure 4. Cellular Componenet network for accumulated DEGs outputted by BiNGO. The network parts can 
be found in Figure S3 in .svg format and details of network in Dataset S3. 
 
 Figure 5.  Metabolism overview map. 740 data points were visible in the map. Different pathways like lipid 
biosynthesis, secondary metabolism, cell wall, starch and sucrose, ascorbate and glutathione, photosynthesis and 
photorespiration are involved in oil palm drought response. 
 
 Figure 6. Regulation overview map of oil palm drought response genes. 1,302 genes were visualized. As shown, 
TFs are the most abundant genes in the map with 393 pins. Additionally, the genes involved in drought reception 
and signaling (ABA-dependent and independent) are listed as G-proteins, Kinases, phosphoinositides, calcium, and 
phytohormone related genes were mapped. 
 Figure 7. Cellular response map with 456 visible allocated pins. Many DEGs were mapped among biotic and 
abiotic stresses as well as plant development. Redox mechanisms, cell division and the cell cycle are also involved 
in oil palm drought response. Developmental DEGs with several genes involved in transcription, signaling, growth 
and protein modification suggest there are different processes that allow oil palms to respond to drought. 
 
  
Figure 8. DEGs mapped in photosynthesis (A) and chloroplasts (B) maps. Various subunits of both 
photosystems I and II as well as Rubisco subunits showed mainly downregulation, and photorespiration pathways 
demonstrated differential expression for some involved genes. 
 
A 
B 
  
Figure 9. Plant Glycolysis (A) and raffinose metabolism (B).  Different genes are involved in starch, sucrose, and 
carbon related metabolism oil palm drought response. Expression of carbohydrates was altered in favor of producing 
more sugars (mainly DEGs are under sucrose pathway) as osmoprotectants and crosstalk-signaling molecules with 
ABA. 
 
A 
B 
 Figure 10.  RT-qPCR vs RNA-Seq for result validation. Several genes were validatingly plotted by log2 of 
foldchange values from RNA-Seq versus RT-qPCR. As R
2 
shows there is a very high correlation between two 
methods of gene expression determination.  
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 Figure 11. The network of DEGs responding to drought in oil palms generated by GeneMANIA. There were 42 
genes that did not have an interaction in the generated network (shown above and below the network) whereas the 
rest are involved in at least one interaction or co-expression with other genes. Dataset S7 contains a list of gene 
nodes and edges and a high resolution network based on GO ontology and gene functionality. 
 
 Figure 12. Oil palm drought response hypothesis. It covers many factors in different levels like cellular compartments, primary and secondary metabolisms, and 
genes and proteins grouped as functional and regulatory, etc. Of those some are shown as it is very complex to depict the whole involving factors. Also likely 
various crosstalks exist according to the literature inferring this hypothesis for oil palm. The effects of drought on plants finally reach to 7 types of responses as 
shown in the below part. NA: nucleic acids, CHO: carbohydrates, PGR: plant growth regulators, PCD: programmed cell death.  
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Abstract 
Oil palm (Elaeis guineensis Jacq.) and water deficit are two of the most important key cases in 
agriculture and economy.  The oil palm is one of the most important commercial oleaginous plants in 
the world. Water deficit has a major and long-term impact on oil palm production, making it an 
agricultural and economic problem. It is important to understand the molecular mechanisms by which 
the oil palm adapts to drought in terms of productivity and improved tolerance. Two contrasting oil 
palm genotypes including IRHO7010 and IRHO1001 were subjected to water deficit to compare their 
gene expression using RNA-Seq through the Illumina® platform. DESeq was used to find 
differentially expressed transcripts. 2744 and 55 transcripts were found respectively in IRHO7010 and 
IRHP1001 as specific differential expressed for each genotype. 126 differentially expressed transcripts 
were common to the two genotypes in response to drought. 1885 and 121 genes were assigned to 
MapMan for IRHO7010 and IRHO1001, respectively. MapMan revealed that transcription factors, 
kinases, abscisic acid related proteins, and secondary metabolites were identified as tolerance-
enhancing agents in IRHO7010. Expression of genes like Prot2/HSP18.2 and L-ascorbate oxidase in 
both genotypes suggests that ROS scavenging and antioxidative processes can be general response of 
oil palm to drought. ABA related genes were expressed differentially in IRHO7010 indicating roles of 
ABA in oil palm drought response. Genes expressing jasmonate-zim-domain protein 8, DREB/CBF1, 
WRKY transcription factors, jasmonic acid carboxyl methyltransferase, glutathione transferase, 
peroxidase and L-ascorbate acid were validated as drought adaptive candidate genes. IRHO7010 as 
drought-tolerant employed functional genes in short-term drought and then started regulatory processes 
in long-term water deficit. The results of this article can be of help for further research on plant 
screening and breeding for water deficit tolerant genotypes.  
Keywords: Drought, Elaeis guineensis, Oil palm, RNA-Seq, Transcriptome, Water deficit,  
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1. Introduction 
Oil palm is the common name for two species in the Elaeis genus, E. guineensis Jacq. (African palm or 
oil palm) and E. oleifera (HBK) Cortez (American palm) [1]. By annually producing more than 50 Mt 
of oil, these species provide 36% of vegetable oil worldwide, which is the main source of comestible 
oil and fat and biofuels [2]. It is the cheapest and best oleaginous plant option for cultivation.  
The oil palm is found in humid areas with a geographical distribution between latitudes of 15
o
N and 
15
o
S. It requires 280-350 liters of water daily and 1800-2000 mm annual rainfall for optimum yield. 
Prolonged drought periods of more than 3 months are not tolerable in terms of economic commercial 
production [1]. Thus, water plays a key role in oil palm production, and plant genotypes adapted to low 
water conditions are very important for palmiculture at the global level.  
Drought, dehydration, desiccation, water deprivation, water deficit and water shortage are technical 
terms for the deficit of water due to lack of its availability or other factors, such as salinity, high or low 
temperature, rainfall deficiency or excess vapor [3]. Drought has a major environmental effect on 
plants and is becoming more common due to climate change. Drought can occur in the short or long 
term, negatively impacts crop yield by causing a 13 – 94 % production decrease [4] and augments the 
price index of oil. 
Plants must cope with drought stress to survive, so they have developed mechanisms to be able to 
tolerate such unfavorable environmental conditions. These mechanism include but not limited to the 
maintenance of cell membrane stability, detoxifying reactive oxygen species (ROS), synthesis of 
antioxidants, production of chaperones, stomatal adjustment of closure/ aperture, plant hormonal 
processes mainly involving ABA, accumulation and osmoregulation of osmoprotectants, expression of 
stress-induced and stress-responding kinases and Ca-dependent kinases, enhancement of 
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transcriptional activities, activation/repression of signaling pathways, altered carbohydrate metabolism, 
regulation of gene expression, and posttranscriptional and posttranslational events.   
Gene expression is the first process that plants modify to adapt to water deprivation. Due to the various 
functions of the gene products whose abundance shifts during water-deficit stress, plants are able to 
survive during drought periods [5]. The shifts in genic expression cause changes in plant primary or 
secondary metabolites, functional products and regulation events which help plants to tolerate drought.  
The role of genes whose expression is altered in response to stress may be functional or regulatory. 
Functional genes are those whose products act as the final product, such as amino acids, such as 
proline and sugars, such as fructan and trehalose, which play a role in osmotic adjustment. Regulatory 
genes modulate the action of other genes or proteins. Kinases such as RLK (receptor-like kinase) or 
MAPK (mitogen-activated protein kinase), PP2C (phosphatases) and transcription factors such as 
NAC, AP2, ERF, DREB, bHLH, JIM, MYB, and AREB belong to this group. Some genes and 
proteins are multifunctional and can have both regulatory and functional roles, such as ROS (reactive 
oxygen species) scavengers, polyamines, sugars in signaling and osmolytes involved in plant responses 
to water deficit [6].  
To understand drought-response mechanisms and identify drought-tolerant plant genotypes, it is vital 
to study drought-responsive genes at the transcript level. Transcriptomics can help analyze biological 
responses at the expression level and subsequently delve more deeply into the specific mechanisms and 
factors involved in a condition. Transcriptomics tools, i.e., RNA-Seq based on high-throughput 
sequencing (HTS) or next generation sequencing (NGS), can identify differential expression patterns 
in response to drought.  
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RNA-Seq is a new approach that enables the study of the transcriptome and gene expression profiles in 
a faster and less expensive way than classic methods [7]. RNA-Seq can determine the expression level 
of most transcripts in a specific tissue and condition, and these data can then be compared among 
different conditions, generating a list of genes that are differentially expressed in response to a 
condition, such as water deficit. Through RNA-Seq, it is possible to characterize DEGs (differentially 
expressed genes) and relate them to functional genomics [8].  
Despite the importance of water stress, genome-wide studies related to water-stress responses in the oil 
palm have not yet been reported. Recently, the first version of its genome and transcriptome was 
released [9]. This genetic information on this valuable plant is critical to meeting increased production 
goals in response to increasing demand. However, more studies need to be done in response to 
palmiculture requests for more tolerant genotypes with more oil production and to achieve greater oil 
production through cultivation in low-water areas. Previous studies have mainly reported physiological 
and morphological oil palm drought responses and agricultural production factors. Thus molecular 
study on water deficit in oil palm is required.  
To identify the transcriptome of the oil palm in drought conditions, a foliar RNA-Seq transcriptome 
study was performed using Illumina sequencing technology for two oil palm genotypes in two 
conditions, i.e., control or well-watered and drought stressed. To boost understanding of the oil palm 
response to prolonged water shortage, two sampling points at 4 and 8 weeks after treatment (WAT) 
were also reviewed. The transcriptome was assembled using Bowtie2 and SOAPdenov-Trans to 
enhance assembly quality and accuracy. Annotation was carried out using blastx on Arabidopsis 
dataset to facilitate and enhance subsequent analyses. DESeq was utilized to quantify differential gene 
expression. MapMan and BiNGO were used to analyze and visualize the significantly altered and/or 
involved genes, GO terms, processes, mechanisms and functions. 
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2. Materials and methods 
2.1. Sample preparation 
The study was carried out in the experimental field of Palmar de La Vizcaína, Barrancabermeja, 
Santander Department, Colombia, a tropical rainforest agroecological zone with a 34
°
C average 
temperature, relative humidity of 70.5% and annual rainfall of 3,852 mm. 
Two commercial oil palm genotypes, IRHO 7010 ((DA 115 D × DA 3 D) × LM 2 T × LM 10 T) and 
IRHO1001 (DA 115 D AF x LM 2 T AF) were used. They are “Deli” x “La Me” hybrids. The well-
watered (WW) condition with field capacity soil moisture of -0.042 MPa and drought-stressed (DT) 
condition with soil moisture at -1.5 MPa were considered the two treatments. Two sampling times of 4 
and 8 WAT were used.  
Recently germinated seeds were planted in pots with a fine texture mixture of clay, arena and humus. 
The plantlets were located in normal water conditions for 4 weeks and then transferred to pots that 
controlled the soil humidity in the range of field capacity. This period was used to monitor the normal 
water balance and adaptation to the new environment to prevent any potential shock. After 4 weeks, 
irrigation ceased for stressed plants and continued for well-watered plants. When the soil tension 
reached -1.5 MPa in the drought stress treatment, it was maintained at this level, and the 
photosynthesis rate was determined. After 4 weeks, when photosynthesis showed an approximately 
46% reduction in IRHO1001 and 23% decrease in IRHO7010 the first samples were taken. Continuing 
the same stress condition, the second sample was taken the 8
th
 week after starting treatment when 
IRHO1001 showed approximately 74% photosynthesis reduction and IRHO7010 demonstrated 48% 
photosynthesis decrease. The youngest leaf of each plant was taken and cut to a small size 
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(approximately 0.5x0.5 mm
2
) and saved in RNAlater Solution (Qiagen, Germany) at -80
°
C until 
extraction.  
2.2.RNA, cDNA and sequencing 
For each sample, 4 plants were pooled for RNA extraction in two biological replicates for sequencing 
and another pool for RT-qPCR. Total RNA was extracted using RNAqueous®-4PCR kit (AM1914, 
Ambion®, USA) following the manufacturer’s manual. DNase was used to digest any remaining 
DNA.  
Extracted RNA was quantified by an EnergyMX spectrophotometer (BioTek, USA). The purity range 
based on the A260/A280 ratio was considered to be 1.9-2.1. Normal 1.2% agarose gel electrophoresis 
confirmed the quality of the RNA. SYBR® Safe DNA gel stain (Invitrogen, USA) was used to stain 
the RNA. DEPC (diethylpyrocarbonate, Sigma, D5758) at 0.1% v/v DEPC/water was used to 
inactivate RNAses.  
Total RNA was processed for mRNA enrichment and cDNA synthesis, library preparation and 
sequencing by Macrogen Inc. (Seoul, South Korea (http://www.macrogen.com)) by the following 
procedure provided by the same company and using the Illumina® TruSeq™ RNA Sample Preparation 
Kit. 
Total RNA was applied to poly(T) oligos bound to magnetic beads to isolate the poly(A) containing 
mRNA molecules. Following purification, the mRNA was fragmented into small pieces using divalent 
cations at elevated temperature. Using reverse transcriptase and random primers, the cleaved RNA 
fragments were copied into first strand cDNA. This was followed by second strand cDNA synthesis 
using DNA Polymerase I and RNase H. These cDNA fragments then went through an end repair 
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process, the addition of a single “A” base, and ligation of adapters. The products were then purified 
and enriched by PCR to create the final cDNA library. 
An Illumina® HiSeq2000™ sequencing machine was used to sequence the cDNA libraries according 
to the standard manufacturer’s protocol. The paired-end method was used to generate short reads of 
101 bp in length from cDNA fragment libraries of 300-500 bp. Two independent runs were performed 
as two biological replicates from two different pools of 4 plants each. 
2.3. Quality control, correction, mapping, assembly and annotation 
De novo transcriptome assembly and differential gene expression analysis were performed by 
ContigExpress, LLC (New York, NY, USA). 
FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was performed to control the 
quality of the sequencing files. Bowtie2 version 2.1.0 [10] was used to map short reads against the 
published oil palm transcriptome [9]. The output unmapped reads were corrected by Quake [11] 
because read quality is critical to de novo assembly accuracy and effective reduction of the 
computational complexity. SOAPdenovo-Trans version 1.02, a special version of SOAPdenovo [12], 
was used to assemble the K-mer corrected reads. The outputs of Bowtie2 and SOAPdenovo-Trans 
programs were mapped, and assembled sequences were combined. The combined outputs were 
subjected to CD-HIT-EST (Cluster Database at High Identity with Tolerance for Expressed Sequence 
Tag) [13], version 4.5.4, with a 90% cutoff for similarity to remove redundant sequences and 500 bp 
cutoff for sequence size. 
Blastx [14], version 2.2.29+, with an e-value cutoff of 1e-5, was used to annotate the functionality of 
the transcriptome against the Arabidopsis thaliana genome dataset. This strategy was performed as 
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previously described for other transcriptome assemblies of oil palm [2,9] because it can generate more 
available information than from other plants and facilitate subsequent analyses. 
2.4. Differential expression, GO enrichment and MapMan analysis 
Bowtie2 under the “--very-sensitive” option setting was used to map the raw paired-end reads of the 
twelve data sets of well-watered and drought-stressed samples. The resulted SAM files were sorted by 
read names using picard (http://picard.sourceforge.net/) version 1.79, and HTSeq (http://www-
huber.embl.de/users/anders/HTSeq/doc/count.html#) version 0.5.3 was utilized to calculate the read 
counts of each transcript in each data set. Finally, differential gene expression analysis was performed 
by DESeq [15] version 1.16.0 using Robinson and Smyth test based on negative binominal regression 
to quantify and identify differentially expressed transcripts of two biological replicates in each 
pairwise comparison where P-adj 0.1, p-value 0.05 and fold change more than 2/less than -2 were 
considered significant.  The transcripts were screened for same gene definition and known as different 
isoforms of the same gene. 
Enrichment of GO categories among the resulted transcripts was assessed by BiNGO v.3.1.0 as a 
Cytoscape plugin to analyze, integrate and visualize biological networks via the three GO categories.  
MapMan was used to classify and visualize differentially expressed genes because it can organize large 
gene expression datasets into schemes of different metabolic processes and pathways. It uses 
hierarchical categories by color intensity to show differential expression. Datasets of comparisons of 
each genotype between WW and DT samples from both sampling times were combined and filtered 
for their similarities as input of MapMan and BiNGO. 
2.5. RT-qPCR 
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qRT-PCR was performed using Roche LightCycler 480 II. Primer3 web-based programs version 4.0.0 
(http://bioinfo.ut.ee/primer3/) was used to design the primers. To complete the primer design, Beacon 
Designer™ (http://www.premierbiosoft.com/qpcr/) and mFold 
(http://www.idtdna.com/Scitools/Applications/mFold/) were used to check primer and amplicon 
secondary structure, respectively.  
The data were normalized in two ways. First, for all samples, cDNA concentration was normalized by 
using 1 µg of RNA as input for cDNA synthesis. The second normalization considered GAPDH gene 
as a reference for determining the concentration of each sample. One microgram of DNase-treated total 
RNA was used to synthetize cDNA using iScript™ Select cDNA Synthesis Kit (Bio-Rad, USA) and 
oligo(dT) primer following the kit protocol. 
EvaGreen Master Mix Kit (Biotium, USA) was used to perform RT-qPCR. The program was as 
follows: 1) pre-incubation at 95
o
C for 5 minutes, 2) PCR amplification with a denaturation step at 95
o
C 
for 5 seconds, annealing step at 60
o
C for 30 seconds and extension step at 72
o
C for 5 seconds, 3) 
melting curve analysis including three steps of 95
o
C for 10 seconds, 60
o
C for 1 minute and 97
o
C 
continuous, 4) cooling program at 40
o
C for 10 seconds. To confirm the presence of a single amplicon, 
the melting curve was determined. Three technical replicate for each sample were used. 
To calculate fold change, the relative concentration method based on sample concentration was 
applied. The concentration of each target was calculated based on the pertinent standard curve. After 
determining the concentration of each target and reference, the ratio of the target and reference 
concentration was calculated as the V value (Equation 1). The V values of two samples were divided to 
obtain the fold change (Equation 1).  
Equation 1:  
11 
 
V =  
CT
CR
 
where V is the normalized value of the sample, CT is the target concentration and CR is the 
concentration of the reference gene (here GAPDH) obtained from RT-qPCR machine. 
Equation 2:   
RC  =  
V1
V2
 
where RC is the relative expression of fold change based on normalized concentration values from 
Equation 1, V1 is the normalized concentration value of sample 1, and V2 is the normalized 
concentration value of sample 2. The log2 of pertinent Rc for each pairwise comparison was plotted 
against its RNA-Seq result counterpart. 
3. Results 
3.1. Transcriptome and differential expression analyses 
By measuring physiological parameters (Table 1), IRHO1001 showed more reduction of the 
photosynthetic rate in the drought-stressed condition compared to IRHO7010 in the same condition, 
suggesting it is drought-sensitive to drought, while IRHO7010 was therefore considered to be drought 
tolerant because of its higher photosynthesis potential. There were twelve samples totally as two 
biological replicates including three samples (well-watered, drought at 4 weeks after treatment and 
drought at 8 weeks after treatment) for each genotype. As sequencing output, 1.27 billion reads, each 
101 nucleotides long, were generated with approximately 106 million reads from each sample. The two 
independent runs were as the following: in the first run all samples were seeded in one lane and in the 
second run three samples of each genotype were seeded in two lanes.  
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The transcriptome including 115,598 transcripts of the genotypes composed of 111,614,711 base pairs 
was generated. The transcriptome was annotated against the Arabidopsis genome by blastx with 
73,813 successfully annotated transcripts. It was used in subsequent analyses (Figure 1). Averagely 
95.83% of reads in the samples were aligned to the transcriptome and 93.22% of read were aligned in 
pairs (Supplementary file1: Dataset S1). 
Different pairwise comparisons between samples were performed to identify differentially expressed 
transcripts (Table 2, Supplementary file2: Dataset S1) and the number of transcripts for each 
comparison was extracted (Table 3). The tolerant genotype, i.e. showed 2431 and 1029 DEGs 
respectively in 4 and 8 WAT while the susceptible, i.e. IRHO1001 showed  114 and 98 DEGs in 4 and 
8 WAT, respectively. However the first sampling showed more DEGs in the both genotypes than the 
second sampling. Also the tolerant genotype seems that behaved very differently from the susceptible 
in terms of the number of DEGs. 
The number of DEGs input into MapMan was 1885 and 121 for IRHO7010 and IRHO1001, 
respectively (Supplementary file1: Dataset S1). They were assigned to 3579 and 236 mapped data 
points in the MapMan database for IRHO7010 and IRHO1001, respectively, indicating how different 
the genotypes are in terms of genes expressed in response to drought and according to their similar 
genetic background as they share similar parents.  
3.2. General views of the main pathways revealed by MapMan  
The metabolism overview of IRHO7010 showed 736 DEGs distributed in different parts of the 
metabolism overview map, while for IRHO1001 there were 45 DEGs (Figure 2). IRHO1001 did not 
show DEGs in cell wall and other pathways, such as lipids, secondary metabolites, sugar and starch. In 
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contrast, IRHO7010 showed many DEGs in almost all parts of the metabolism overview map such as 
minor CHO, light reaction, lipids, cell wall and 2
nd
 metabolism.  
As shown in Figure 3, in IRHO7010, 1281 DEGs were observed in the regulatory overview map. Of 
these, the most abundant were 391 TFs, 218 DEGs of ‘protein degradation’ category and 168 of 
‘protein modification’ term, followed by 137 receptor kinases and 48 DEGs involved in calcium 
regulation. In addition, other genes related to PGRs, including ABA, IAA, BA, ET, CK, JA, SA and 
GA were mapped. In IRHO1001, 88 DEGs were found. These DEGs were involved in regulatory 
mechanisms; 20 were TFs, 12 DEGs of ‘protein modifiers’ term and 10 DEGs belonging to ‘protein 
degradation’ category, and others were drought receptor factors and PGRs.  
Forty-seven IRHO1001 DEGs were assigned to the cellular response overview map, while the map for 
IRHO7010 contained 452 DEGs (Figure 4). In spite of the very different number of DEGs mapped for 
each of the two genotypes, the most abundantly mapped DEGs in both were involved in biotic stress, 
heat response and development. The genes involved in response to biotic stress related mechanisms as 
well as those involved to response to environmental condition including heat and plant development 
comprised a major portion of the DEGs in IRHO7010.  
In the drought/salt response of IRHO1001, RCI2B (Rare-cold-inducible 2B) and CDSP32 
(Chloroplastic drought-induced stress protein of 32 KD) were underexpressed. In contrast, in 
IRHO7010, RCI2B was overexpressed, as were such genes as UPL1,2 (ubiquitin-protein ligase), 
ERD15 (early responsive to dehydration15) and RD22. CDSP32 was underexpressed in IRHO7010, as 
were other genes, such as CBF4 (C-repeat-binding factor 4) and ERD3 (early-responsive to 
dehydration 3). 
3.3.Photosynthesis and glycolysis-related genes  
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In the photosynthesis-related map (Figure 5), 127 data points were mapped to photosystem I and II, 
photorespiration processes and the Calvin cycle in IRHO7010, while only 12 data points in these 
categories were assigned for IRHO1001, distributed as follows: 1 gene in photorespiration, 8 genes in 
light reaction and 3 genes in Calvin cycle, all of which were underexpressed. DEGs in IRHO7010 were 
generally underexpressed in the photosystems subunits including PSA and PSB, LHCB (light 
harvesting complex) and calcium-related subunits. Photosynthesis-related DEGs in IRHO1001 were 
also found in IRHO7010 with a similar expression trend.  
Five genes involved in plant glycolysis were differentially expressed in IRHO1001, while 78 were in 
IRHO7010 (Figure 6).  DEGs in IRHO7010 were primarily in two bins of MapMan including major 
CHO metabolism.degradation.sucrose.invertases.neutral  and metabolism.degradation.starch.starch 
cleavage, which are involved in sucrose and starch degradation. They include alpha and beta amylases, 
alpha xylosidase, beta-fructofuranosidase and FBA (fructose-bisphosphate aldolase). In IRHO1001, 
one DEG was observed in each of these two metabolic categories, beta-amylase and an ATP-binding 
protein. FBA was also underexpressed in IRHO1001. 
3.4. Secondary metabolite pathways 
IRHO1001 presented 9 DEGs while IRHO7010 showed 119 DEGs in secondary metabolism-related 
pathways (Figure 7). The following DEGs were observed in IRHO1001: isoflavone reductase in the 
flavonoid synthesis pathway, 2-oxoglutarate-dependent dioxygenase in the glucosinolate synthesis 
pathway, the magnesium chelator GUN5, and MSS1 in the alkaloid synthesis pathway, all of which 
underexpressed. CYP71B10 (Cytochrome P450 71B10) and CYP98A3 (Cytochrome P450, Family 98, 
Subfamily A, Polypeptide 3), which are involved in phenylpropanoid, lignin and lignin processing, 
were overexpressed. 
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In IRHO7010, secondary metabolite-related bins included genes involved in alkaloid, 
phenylpropanoid, lignin, glucosinolate, wax, betaine, carotenoid, flavonoid, and terpenoid biosynthesis 
and the shikimate pathway. Two genes involved in betaine biosynthesis, aldehyde dehydrogenase and 
lipase class 3 family protein were overexpressed. Alkaloid biosynthesis was affected by 
overexpression of two nodulin family protein genes and underexpression of strictosidine synthase 
(SSL4). Glucosinolate-related genes were also identified as DEGs. Ten DEGs were mapped to the 
glucosinolate group as follows: 5 overexpressed genes including CYP71B10 (Cytochrome P450 
71B10), CYP71B37 (Cytochrome P450 71B37), BZO1 (Benzoyloxyglucosinlate 1), AAE12 (Acyl 
activating enzyme 12), and BCAT-5 (branched-chain-amino-acid transaminase), and 5 underexpressed 
genes including NIT4 (Nitrilase 4), two CYP83B1 (Cytochrome P450 monooxygenase 83B1), and two 
2-oxoglutarate-dependent dioxygenases. 
3.5. Common and dissimilar DEGs of the genotypes 
One hundred twenty-six common transcripts of 101 genes were found between two genotypes 
comparing results of comparisons of WW and DT of both genotypes (Supplementary file1: Dataset 
S1). The expression trend was similar in almost DEGs common to the two genotypes. However, some 
of them showed opposing expression trends, such as MLO2, which was underexpressed in IRHO7010 
but overexpressed in IRHO1001. Protein modification-related genes, such as F-box, UBQ11, HSPs and 
chaperonins, aquaporin PIPs, chlorophyll-related genes, such as CAB1, PSBQ, and enzymes, such as 
TPS02 (terpene synthase 02), gibberellin 2-beta-dioxygenase 1, beta-amylase 1, FBA 5, and 
xyloglucan endotransglucosylase/hydrolase were observed in both genotypes. In IRHO7010, 2744 
unique transcripts of 2123 genes were differentially expressed comparing the WW samples with DT 
sample of the genotype , while there were 55 differentially expressed transcripts in IRHO1001 (Figure 
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8 and Supplementary file1: Dataset S1). TFs were not generally observed as common DEGs between 
the two genotypes.  
3.6. BiNGO GO enrichment  
By using the GO_FULL option of BiNGO, 214 nodes and 307 edges were found in IRHO1001 
distributed in BP (biological process) with 60 nodes and 85 edges, MF (molecular function) with 62 
nodes and 73 edges, and CC (cellular components) with 49 nodes and 89 edges. For IRHO7010, 
BiNGO analyses categorized DEGs with 608 nodes and 939 edges distributed in 373 nodes and 602 
edges for BP, 110 nodes and 128 edges for MF and 101 nodes and 199 edges for CC (Figure 9 and 
Supplementary file3: Dataset S2).  
3.7. Real-Time quantitative PCR validation 
As depicted in Figure 10, the expression trend showed significant similarity (R
2
= 0.89) between the 
RT-qPCR and RNA-Seq results, validating the RNA-Seq results. The selected transcripts for validation 
included peroxidase, WRKY, ERD5 (eraly responsive drought 5), JAZ8/TIFY5A (jasmonate-zim-
domain protein 8), Prot2 (Proline transporter)/HSP18.2 (heat shock protein 18.2 KD), L-ascorbate 
oxidase, hydrogen peroxide-induced protein, JMT (jasmonic acid carboxyl methyltransferase), 
DREB1/CBF1, GSTU19 (glutathione transferase 19) and NTFY2/AFP3 (nuclear transport factor 2/ 
ABI5-binding protein 3). The primers and amplicon sequences used to amplify the transcripts are listed 
in Supplementary file4: Table S1.  
Comparing WW and DT samples at the first sampling time, i.e., 4 WAT, hydrogen peroxide-induced 
protein and GSTU19 were overexpressed and ERD5 and HSP 18.2 were underexpressed in 
IRHO1001. In IRHO7010, peroxidase, hydrogen peroxide-induced protein and L-ascorbate oxidase 
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were overexpressed, and JAZ8/TIFY5A, HSP18.2, JMT, GSTU19 and NFTY2/AFP3 were 
underexpressed (Figure 11, above).  
At the second sampling time, i.e., 8 WAT, comparing WW and DT sample, WRKY TF, 
JAZ8/TIFY5A, L-ascorbate oxidase, DREB/CBF1, and GSTU19 were overexpressed, and HSP18.2 
and NFTY2 were underexpressed in IRHO7010. IRHO1001 showed an overexpression pattern for 
peroxidase, hydrogen peroxide-induced protein and underexpression of ERD5, HSP18.2 and 
NFTY2/AFP3 (Figure 11, below).  
As depicted in Figure 12 comparing two genotypes both in drought condition at 4WAT, 
overexpression of peroxidase and L-ascorbate oxidase and underexpression of WRKY TF, 
JAZ8/TIFY5A, JMT, DREB/CBF1 and GSTU19 were seen in IRHO7010. ERD5, HSP18.2, hydrogen 
peroxide-induced protein and NTFY2/AFP3 did not show a significant difference in expression 
between the two genotypes under water deficit condition. 
At 8 WAT, IRHO7010 overexpressed ERD5, JAZ8/TIFY5A, HSP 18.2, DREB/CBF1, GSTU19 and 
NTFY2/AFP3, while peroxidase, L-ascorbate oxidase, hydrogen peroxide-induced protein and JMT 
were underexpressed. The change in WRKY TF expression was not significantly different comparing 
the two genotypes. JMT was underexpressed at both sampling times in IRHO7010 compared with 
IRHO1001 (Figure 12).   
4. Discussion 
Genetically two genotypes are similar in parental background. This makes the current study be more 
interesting and comparable as the genotypes share the same mother and father. In terms of the number 
of DEGs they were very different. The tolerant genotype, i.e. IRHO7010 possessed more DEGs than 
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IRHO1001 indicating the difference can come from the only different parental background. It seems 
that the different parent in IRHO7010 makes it more tolerant than IRH1001. This can be considered in 
more details in other breeding program from these parents. 
4.1. The general drought response of the two genotypes  
The expression of DEGs involved in different mechanisms and pathways from three overview maps 
(Figure 2-4) suggests that IRHO7010 can tolerate more water shortage due to the expression of many 
genes such as TFs, kinases and secondary metabolites whose function is related to drought-responsive 
adaptation mechanisms according to previous reports in other plants. Many different sections of the 
regulatory overview map were highlighted, but TFs, protein-dependent processes, PGRs (plant growth 
regulators) and regulatory/signaling molecules, such as G-proteins, calcium regulatory proteins and 
kinases, can be considered the most important in terms of oil palm drought adaptation of IRHO7010 
(Figure 3) according to the literature. In general as shown in Figure 3, the difference between the two 
genotypes is very distinct in terms of TFs, PGRs, protein modifiers and kinases, suggesting that 
IRHO7010 possesses various mechanisms by which it can respond to drought at the molecular level 
while IRHO1001 does not. 
The data from cellular function map suggest that IRHO7010 possesses a well-established 
multifunctional response to drought that shares many components with other stress-response pathways 
like biotic stress response (Figure 4). This suggests that various genes can function in response to both 
biotic stress and drought. Similar behavior was observed for heat stress. Drought and heat stress have 
previously been reported to share many genes involved in adaptation to drought [16], indicating that 
IRHO7010 uses a similar mechanism of sharing DEGs with the response to heat and drought. 
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BiNGO was used to see how the genotypes respond to drought. As shown in Figure 9, GO terms 
networks are more complex in IRHO7010 than IRHO1001 as expected due to their input data. The 
results suggest that like other plants, oil palm plants adopt different networks among the genes in order 
to respond to drought by the genes involved and categorized in various GO terms like “response to 
stimulus”, “response to stress”, “response to abiotic stimulus”, “response to water”, “response to water 
deprivation” those are among GO terms with more annotated genes. 
4.2. Photosynthesis and plant glycolysis-related genes   
In IRHO7010, subunits of both photosystems I and II and LHC subunits were generally 
underexpressed. It is expected that genes related to photosynthetic reactions and units decrease in 
expression or abundance in response to drought to tolerate water shortage as observed in rice [17]. 
However, these photosystem subunits function as a working group and are directly dependent on each 
other and it would be logical to observe a similar pattern of differential expression for them 
simultaneously. IRHO7010 altered photosynthesis and photorespiration related genes more than 
IRHO1001 (Figure 5), probably to compensate for the impact of drought. The uniform pattern of 
decreased expression of photosynthesis-related genes suggests that reduced photosynthesis can be a 
long-term process in IRHO7010 that helps it slowly decrease the rate of photosynthesis. A tolerance 
strategy may be activated more rapidly in IRHO7010 than IRHO1001 when it is exposed to stress 
because many DEGs related to different drought-responsive agents were observed and genes related to 
photosynthesis were primarily reported to be downregulated in Arabidopsis and rice [18].  
IRHO7010 overexpressed different genes including nodulin-like family proteins and PEPC 
(phosphoenolpyruvate carboxylase) and underexpressed beta-fructofuranosidase, suggesting that these 
genes play the similar roles in drought adaptation in the oil palm as previously observed in other 
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plants. Beta-fructofuranosidases function in cell wall synthesis and as generators of soluble sugar and 
are involved in different carbonic reactions in response to water status [19]. The expression of nodulin, 
which functions in osmotic adjustment as a NIP (nodulin-like protein), a member of the MIP (major 
intrinsic protein) family, is enhanced during drought [20]. PEPC is expressed in plants exposed to 
drought to enhance CO2 assimilation and its overexpression enhances drought tolerance in rice [21].  
Granule-bound starch synthase 1 (GBSS1) was downregulated in IRHO7010, implying that starch is 
degraded to sugars in drought conditions in the oil palm as previously shown in rice [22] and maize 
[8]. Because sugars function in osmoprotective processes, changes in sugar and starch composition can 
stabilize the osmotic balance in response to drought in IRHO7010, enabling these plants to adapt to 
water deficit. 
4.3.TFs abundance and network  
Interestingly, 59 TF groups were involved in oil palm drought response in IRHO7010 (Supplementary 
file5: Dataset S3), suggesting the existence of a drought-responsive TF network as a complex 
transcriptional regulation resulting in stress tolerance as seen in plants [23]. According to MapMan 
data, TFs are the most abundant DEGs among all gene groups in the different maps, indicating their 
multiple roles in oil palm drought adaptation. This suggests that TF signaling and regulatory functions 
play a major role in IRHO7010 adaptation to water deficit. However, further study of the TF network 
and interactions is needed. 
4.4. ABA roles in oil palm drought adaptation 
Expression of ABA2 (xanthoxin dehydrogenase) and CYP707A4 (abscisic acid 8'-hydroxylase 4) was 
downregulated in IRHO7010, indicating their role in increased ABA in response to drought. They can 
be considered likely ABA-related candidates for its biosynthesis and amount adjustment when 
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screening for drought-tolerant oil palm genotypes. They function in both ABA synthesis and regulation 
of expression of other genes, such as ABF4 (ABRE binding factor 4), RD (dehydration response), 
MYB, CBF4 and NAC TFs [24], which were dynamically altered, also indicating that ABA synthesis 
and subsequent cascades are involved in oil palm drought adaptation. 
The expression of ABA-dependent and stomatal aperture/closure-related genes, such as GRAM 
domain-containing protein/ABA-responsive protein-related protein, SnRK2.3 serine/threonine-protein 
kinase SRK2I and TFs like ABI5-like transcription factor EEL was dynamically changed in 
IRHO7001 during prolonged drought, suggesting a role for ABA signaling in drought adaptation in the 
oil palm as has been previously reported in other plants [25]. 
In IRHO7010, two beta-galactosidase genes were upregulated, implying they are likely ABA-
dependent drought-adaptive genes as beta-galactosidase, beta glucosidase and other related -osidases 
release biologically active ABA from an inactive ABA-glucose ester [26]. They also catalyze the 
hydrolysis of beta-galactoside into monosaccharides that can have other functions in osmotic stress as 
reported in Medicago [27]. 
4.5. Some DEGs evaluated for two genotype  
A total of 126 transcripts were common to the two genotypes in response to drought when comparing 
WW with DT for each of them. They include HSPs, chaperonins, ubiquitination-dependent proteins 
and membrane components like aquaporins. Differential expression of ABA-dependent and stomatal 
closure-related genes, such as magnesium chelatase subunit H, CA1 (carbonic anhydrase 1), and 
ABCG (ABC transporter G) family members, was also observed in both genotypes, suggesting that 
ABA plays a general role in the oil palm drought response as previously reported in other plants [25].  
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RC12B was repressed in IRHO1001 but induced in IRHO7010, suggesting that it is involved in 
drought adaptation in IRHO7010 as it encodes a highly hydrophobic protein with transmembrane 
domains that functions in membrane adjustment to stress and is induced by ABA and water stress [28]. 
CDSP32 was repressed in IRHO1001. This expression change suggests that this gene may be involved 
in oxidative stress response in IRHO1001 as previously seen in a study on potato [29] that protein 
products targeted by of CDSP32 participate in oxidative stress in photosynthetic processes and 
peroxiredoxins. 
The differential expression of UPL1/2 and WRKY TF in IRHO7010 suggests that they may have a role 
in oil palm drought adaptation by modifying mitochondrial proteins. UPL1/2 is a family of ubiquitin 
ligases whose substrate is still unknown, but they are coexpressed with WRKY TF in response to 
drought and protein degradation in the mitochondria [30].  
The expression of two transcription factors, ERD15 and RD22 was induced in IRHO7010, suggesting 
that they can play a role in drought adaptation in this genotype as reported previously from Capsicum 
annum and Arabidopsis [31,32]. Their expression is mediated by ABA/drought. They function in gene 
expression regulation, signaling and ABA accumulation and increase tolerance [33,34]. 
CBF4 was underexpressed in IRHO7010, indicating that it is involved in drought response mechanism 
but not in the same way as in Arabidopsis. It can be activated rapidly by ABA in drought response. Its 
overexpression has been reported to cause drought tolerance in Arabidopsis [35].  
ERD3 showed decreased expression in IRHO7010 in drought condition suggesting its involvement in 
oil palm drought adaptation. It encodes a methyltransferase protein that methylates D-ononitol and is 
involved in the drought response of soybean and Pinus taeda L. [36,37].  
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In IRHO7010, genes related to glucosinolate biosynthesis, such as 2-oxoglutarate-dependent 
dioxygenase and cytochrome P450 monooxygenase, were underexpressed suggesting their negatively 
inhibiting function in drought regarding ethylene and osmotic adjustment in favor of producing more 
glucosinolates, as previously reported in Arabidopsis [38] and Helianthus annus  [39].  
4.6. RT-qPCR and selected transcripts 
Expression data on the selected transcripts suggest that some genes are involved in the constitutive 
response of oil palm to drought, such as HSP18.2, L-ascorbate oxidase, NTFY2 and hydrogen 
peroxide-induced protein, which showed similar trends in both genotypes and at both drought sampling 
time points (Figure 11). They function in ROS scavenging and antioxidative processes, suggesting that 
these processes may be general mechanisms that the oil palm adopts to adapt to drought.  
JAZ8/TIFY5A, JMT, GSTU, ERD5, DREB/CBF1, and WRKY TF showed different expression 
patterns in both genotypes and at both sampling time points (Figure 11), suggesting that they can be 
altered depending on drought duration and severity. These findings are confirmed by previous studies 
in other plants [40–43]. It appears that TFs like JAZ8, DREB/CBF1 and WRKY are genes with the 
potential to be used as drought tolerance-related genes in the oil palm. 
Comparing both genotypes while in the same drought condition, JMT was underexpressed under 
drought condition in IRHO7010 compared with IRHO1001 (Figure 12) suggesting that IRHO7010 
expressed it in a similar trend during prolonged drought. JMT is involved in converting MeJA to JA 
and interacts with ABA in rice in response to drought [44]. The finding suggests that JA is increased 
during drought stress in the IRHO7010 genotype and may be involved in signaling interactions and 
crosstalk with ABA to alleviate the effects of drought [45].   
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As shown in Figure 12 by comparing IRHO7010 and IRHO1001 both in drought stress, JAZ8/TIFY5A 
was decreased at the first sampling, but in the second point its expression drastically increased in 
IRHO7010, suggesting that it can modify jasmonate in response to prolonged drought in comparison 
with IRHO1001.  It is another jasmonate-related gene that interacts with bHLH TFs in the jasmonate 
signaling pathway, leading to drought tolerance in rice [46]. It also functions in crosstalk among 
different phytohormones, such as ABA, SA, and ET, in diverse signaling interactions [47]. The data 
suggests that this gene can be considered a drought-tolerance gene in oil palm. 
Comparing two genotypes while exposed to drought as shown in Figure 12, peroxidase, and L-
ascorbate oxidase were overexpressed in IRHO7010 at the first sampling time point while WRKY, 
DREB/CBF1 and GSTU19 were underexpressed. At the second sampling, peroxidase, L-ascorbate 
oxidase, hydrogen peroxide-induced protein were downregulated and ERD5, HSP18.2, DREB/CBF1, 
and GSTU19 were upregulated in IRHO7010. Based on the literature describing the function of these 
genes, it appears that after 4 WAT, compared with IRHO1001, the IRHO7010 genotype started to 
respond to the drought by mechanisms related to osmotic and ROS stress while signaling-related genes 
were induced by the second time point at 8 WAT.  
These data from comparing DT samples of both genotypes suggest that for short-term response to 
drought, IRHO7010 adopted a rapid mechanism that activates genes whose function is directly related 
to products by which plants tolerate drought. In cases of long-term drought, signaling and regulatory 
mechanisms and crosstalk between different pathways work to mitigate drought effects; regulatory 
genes were more active at the second sampling in IRHO7010. This observation implies that altering 
the regulation of various pathways allowed IRHO7010 to tolerate drought better, so in drought 
condition TFs are probably more involved in this genotype as drought-tolerant.  
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5. Conclusions 
This study aimed to compare changes in global gene expression in two oil palm genotypes (Elaeis 
guineensis Jacq.) in response to prolonged water deficit to identify drought-tolerant oil palm genotype 
and disparities in the factors and mechanisms of drought tolerance. Using RNA-Seq as the 
transcriptomic NGS method of choice, a number of genes involved in various mechanisms of drought 
adaptation in oil palm were revealed by comparing the two oil palm genotypes. The IRHO1001 
genotype was considered as sensitive genotype with 181 differentially expressed transcripts while the 
IRHO7010 genotype showed 2870 differentially expressed transcripts that function in drought 
adaptation based on the literature and previous studies in other plants involving in different mechanism 
and pathways like signaling, hormonal, osmotic, secondary metabolite and metabolic protective 
processes. However, there were 126 common transcripts between the two genotypes, indicating that 
there is a common general response. This common response was mainly ABA-related and protein 
modification mechanisms. Comparing both genotypes with each other in drought condition, ERD5, 
HSP18.2, GSTU19, JA related genes including JMT and JAZ8/TIFY5A, and TFs like WRKY and 
DREB/CBF1 were differentially expressed in IRHO7010 implying they can be drought responsive 
candidates. The provided DEGs in IRHO7010 can be used as a reference to monitor likely oil palm 
genes that affect water-deficit tolerance and can be used in further studies to select more oil palm 
plants with enhanced tolerance to water deficit. 
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Figure captions 
Figure 1. RNA-Seq workflow from extraction to differential expression analyses. Each step covers different activities. 
Extraction needs RNase-free situation. cDNA sequencing require mRNA enrichment and library synthesis. After having 
sequenced reads bioinformatics tools can do relevant tasks from mapping to differential expression analyses. 
Figure 2. Metabolism overview IRHO7010 (above) and IRHO1001 (below). In IRHO 1001 there are few DEGs while 
in IRHO7010 many DEGs and various processes are involved. In regard with light reaction of photosynthesis, starch and 
sucrose metabolism, minor CHO and secondary metabolism IRHO7010 demonstrated drastically more DEGs. 
Figure 3. Regulation overview for tolerant genotype. IRHO7010 (above) and IRHO1001 (below). It showed similar 
expression trend in three categories including TFs, protein modification processes and kinases in terms of more abundant 
DEGs in comparison with other groups. IRHO7010 possess extremely more DEGs than IRHO1001. 
Figure 4. Cellular function map for both genotypes. It shows genes involved in different biotic and abiotic stresses as 
well as growth and development. DEGs of IRHO7010 (above) interestingly were found in three main groups of biotic 
stress, heat and development suggesting likely interaction and crosstalk between genes involved in these three with drought 
stress. IRHO1001 (below) followed the same trend having most DEGs in these three parts but it possesses few genes.  
Figure 5.  Photosynthesis related reactions and pathways. IRHO7010 (above) showed many Photosystem I and II and 
Rubisco related genes mainly underexpressed. Photosynthetic DEGs of IRHO1001 (below) were less mainly involved in 
photosystem II and Calvin cycle including Fructose-bisphosphate aldolase and subunits of PSI and PSII. 
Figure 6. Plant glycolysis map. IRHO7010 (above) and IRHO1001 (below) show different expression pattern. IRHO7010 
showed mainly DEGs in sucrose conversion to glucose and fructose and starch degradation. IRHO1001 did possess one 
DEG in each pathways of sucrose and starch degradation. 
Figure 7. Secondary metabolite pathways for IRHO7010 (above) and IRHO1001 (below). They are different in 
expressing various genes involving in producing flavonoids, glucosinolates and decreasing lignin in favor of less lignin 
content. IRHO7010 activated many genes related to different secondary metabolites but IRHO1001 did not. 
Figure 8. Venn diagram for common and dissimilar gene numbers for IRHO7010 and IRHO1001. 126 common 
transcripts were expressed in both genotypes. 2744 and 55 transcripts were found respectively in IRHO7010 and IRHP1001 
as specific differential expressed for each genotype. 
Figure 9. BiNGO analysis for both genotypes IRHO7010 (above) and IRHO1001 (below).  For IRHO7010 three GO 
categories BP, MF, CC are located above below left and right respectively. In IRHO1001, they are above middle and 
below. They show how complex oil palm drought response is in each genotype. In IRHO7010 more edges and nodes as 
well as GO terms were found as expected due to more DEGs. 
Figure 10.  Correlation between RT-qPCR versus RNA-Seq. Selected genes were plotted by log2 of FC values from 
RNA-Seq and RT-qPCR. The results of RNA-Seq were validated by RT-qPCR as R
2 
showed a high correlation between 
both methods of gene expression determination.  
Figure 11. RT-qPCR expression comparisons. These comparisons were done for two genotypes between well-watered 
and stressed treatments in both sampling times. The above is comparison between the first sampling time (4 WAT) and 
control. The below is between the second sampling time (8 WAT) and control. 
Figure 12. Expression comparisons between two genotypes while being stressed both. The DEGs did not show the 
same trend in both sampling times. The majority of them were expressed differentially in the first sampling time except for 
ERD5, HSP18.2 and NTFY2/AFP3. In the second sampling also the majority were differentially expressed except for 
WRKY TF.  
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Table 1. Physiological measurement for two oil palm genotypes.  
WAT Sample Soil moisture (MPa) Pn Pn reduction % E gs 
4 
WW_1001_4 -0.042 12.49 A  4.14 A 0.35 A 
WW_7010_4 -0.042 10.83 A  3.90 A 0.29 A 
DT_1001_4 -1.5 6.72 B -46.19 A 2.83 B 0.15 B 
DT_7010_4 -1.5 8.25 C -23.82 B 3.20 C 0.20 C 
8 
WW_1001_8 -0.042 11.86 A  4.59 A 0.30 A 
WW_7010_8 -0.042 11.05 A  4.19 A 0.27 A 
DT_1001_8 -1.5 3.03 D -74.45 C 1.38 D 0.05 D 
DT_7010_8 -1.5 5.73 B -48.14 A 1.87 E 0.07 E 
Two genotypes showed different behavior while being in drought condition in terms of physiological factors related to 
water balance, i.e. photosynthesis, transpiration and stomata conductance. IRHO1001 demeaned weaker and reduced 
photosynthesis rapidly in the both sampling times while IRHO7010 showed less photosynthesis reduction rate in both 
sampling points. Using P<0.05, t-student test was used to assess significant difference. WW: well-watered or control; DT: 
water deficit or drought treatment; WAT: weeks after treatment. The values presented in the table are means of each sample 
replicate measurements. Pn: photosynthesis (molCO2•m
-2•s-1); E: transpiration (mmol H2O• m
-2• s-1), gs: stomatal 
conductance (mol H2O•m
-2•s-1). 
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Table 2. Pairwise comparisons between genotypes, control and water deficit treatments and sampling times.  
Pairwise comparison Purpose  
.DT_1001_4.vs. WW_1001 Genotype response to drought, general oil palm response 
DT_1001_8.vs. WW_1001 Genotype response to drought, general oil palm response 
DT_7010_4.vs. WW_7010 Genotype response to drought, general oil palm response 
DT_7010_8.vs. WW_7010 Genotype response to drought, general oil palm response 
DT_7010_4.vs.DT_1001_4 G x E, different genotypes in same drought condition 
DT_7010_8.vs.DT_1001_8 G x E, different genotypes in same drought condition 
Different comparisons were studied in order to clarify likely differences between two genotypes, between two treatments 
and GxE effects . (P-adj < 0.1, p-value < 0.05, 2<FC < -2). 
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Table 3. Differentially expressed transcripts in different pairwise comparisons.  
Pairwise WW_1001 WW_7010 DT_1001_4 DT_7010_4 DT_1001_8 DT_7010_8 
WW_1001 NA 
 
114 
 
98 
 WW_7010 
 
NA 
 
2431 
 
1029 
DT_1001_4 
  
NA 45 
  DT_7010_4 
   
NA 
  DT_1001_8 
    
NA 79 
DT_7010_8 
     
NA 
The comparisons were done by using the sample in the column versus the rows.   NA: not applicable.  (P-adj < 0.1, p-value 
< 0.05, 2<FC < -2). 
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Supplementary files provided with this submission 
Supplementary file1: Dataset S1. Differentially expressed transcripts and genes for the 
performed comparisons. 
Supplementary file2: Dataset S2. BiNGO FULL GO node and edge for both genotypes. 
Supplementary file3: Table S1. Primers, amplicons and sequences for RT-qPCR. 
Supplementary file4: Dataset S3. TFs of both genotypes. 
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Figure 1. RNA-Seq workflow from extraction to differential expression analyses. Each step covers different activities. 
Extraction needs RNase-free situation. cDNA sequencing require mRNA enrichment and library synthesis. After having 
sequenced reads bioinformatics tools can do relevant tasks from mapping to differential expression analyses. 
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Figure 2. Metabolism overview IRHO7010 (above) and IRHO1001 (below). In IRHO 1001 there are few DEGs while 
in IRHO7010 many DEGs and various processes are involved. In regard with light reaction of photosynthesis, starch and 
sucrose metabolism, minor CHO and secondary metabolism IRHO7010 demonstrated drastically more DEGs. 
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Figure 3. Regulation overview for tolerant genotype. IRHO7010 (above) and IRHO1001 (below). It showed similar 
expression trend in three categories including TFs, protein modification processes and kinases in terms of more abundant 
DEGs in comparison with other groups. IRHO7010 possess extremely more DEGs than IRHO1001. 
  
32 
 
 
Figure 4. Cellular function map for both genotypes. It shows genes involved in different biotic and abiotic stresses as 
well as growth and development. DEGs of IRHO7010 (above) interestingly were found in three main groups of biotic 
stress, heat and development suggesting likely interaction and crosstalk between genes involved in these three with drought 
stress. IRHO1001 (below) followed the same trend having most DEGs in these three parts but it possesses few genes. 
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Figure 5.  Photosynthesis related reactions and pathways. IRHO7010 (above) showed many Photosystem I and II and 
Rubisco related genes mainly underexpressed. Photosynthetic DEGs of IRHO1001 (below) were less mainly involved in 
photosystem II and Calvin cycle including Fructose-bisphosphate aldolase and subunits of PSI and PSII. 
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Figure 6. Plant glycolysis map. IRHO7010 (above) and IRHO1001 (below) show different expression pattern. IRHO7010 
showed mainly DEGs in sucrose conversion to glucose and fructose and starch degradation. IRHO1001 did possess one 
DEG in each pathways of sucrose and starch degradation. 
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Figure 7. Secondary metabolite pathways for IRHO7010 (above) and IRHO1001 (below). They are different in 
expressing various genes involving in producing flavonoids, glucosinolates and decreasing lignin in favor of less lignin 
content. IRHO7010 activated many genes related to different secondary metabolites but IRHO1001 did not. 
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Figure 8. Venn diagram for common and dissimilar gene numbers for IRHO7010 and IRHO1001. 126 common 
transcripts were expressed in both genotypes. 2744 and 55 transcripts were found respectively in IRHO7010 and IRHP1001 
as specific differential expressed for each genotype. 
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Figure 9. BiNGO analysis for both genotypes IRHO7010 (above) and IRHO1001 (below).  For IRHO7010 three GO 
categories BP, MF, CC are located above below left and right respectively. In IRHO1001, they are above middle and 
below. They show how complex oil palm drought response is in each genotype. In IRHO7010 more edges and nodes as 
well as GO terms were found as expected due to more DEGs. 
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Figure 10.  Correlation between RT-qPCR versus RNA-Seq. Selected genes were plotted by log2 of FC values from 
RNA-Seq and RT-qPCR. The results of RNA-Seq were validated by RT-qPCR as R
2 
showed a high correlation between 
both methods of gene expression determination.  
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Figure 11. RT-qPCR expression comparisons. These comparisons were done for two genotypes between well-watered 
and stressed treatments in both sampling times. The above is comparison between the first sampling time (4 WAT) and 
control. The below is between the second sampling time (8 WAT) and control. 
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Figure 12. Expression comparisons between two genotypes while being stressed both. The DEGs did not show the 
same trend in both sampling times. The majority of them were expressed differentially in the first sampling time except for 
ERD5, HSP18.2 and NTFY2/AFP3. In the second sampling also the majority were differentially expressed except for 
WRKY TF.  
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Conclusion  
The current project “Characterization of genes related to oil palm (Elaeis guineensis Jacq.)  
drought stress responses” is formed based on oil palm as experimental material, drought stress as 
under study condition, and genes as differential variables. Two oil palm genotypes with different 
response to drought condition were selected to extract a gene catalog more extensively and to 
compare their likely tolerance level. Two conditions as well-watered and stressed treatments 
were performed in order to evaluate differences between drought-stressed and control plants. 
Two sampling times were considered to understand how prolonged drought can influence on 
gene expression and to extract likely more genes whose expression can be differential during 
about two months of water deficit condition in oil palm plants.  
This study examined two oil palm genotypes as E. guineensis hybrids with close parental 
background known as IRHO7010 and IRHO1001 for their drought tolerance by evaluating 
physiological variables including photosynthesis, stomatal conductance, transpiration, water use 
efficiency and leaf water potential. The photosynthetic reduction rate was used to differentiate 
the genotypes by photosynthetic efficiency under drought as tolerant and susceptible. This 
feature was ascribed to the ability of IRHO7010 to control water amount in leaves. Higher 
stomatal conductance and transpiration efficiency observed during prolonged water shortage in 
IRHO7010. The photosynthesis reduction rate showed a slower diminishing rate in IRHO7010 
plants. It can be because of the regulatory mechanism of underexpression of various subunits of 
both photosystem I and II in the tolerant genotype while in the susceptible genotype the subunits 
of the both photosystems showed underexpression in just three genes. It seems that the tolerant 
genotype underexpressed the photosystem subunits and light harvesting complex (LHC) as a 
regulatory response to decrease damage effects of likely production of H2O2 during drought 
period in order to mitigate negative effects caused by oxidative stress. Thus, our results suggest 
that IRHO7010 was better able to mitigate prolonged drought conditions than IRHO1001 during 
the initial phase of development. IRHO7010 is considered as more drought-tolerant than 
IRHO1001 according to the obtained results. Also IRHO7010 as more tolerant can be suggested 
to be cultivated in the oil palm cultivations where water deficit is a regional problem. 
مسب هّللا نمحرلا میحرلا َدَعَو ُهّللا َنیرِباّصلا َجَرخَملا اّمِم نوهَرکَی َو َقزّرلا نِم ُثیَح نوبِسَتحَیلا اَنلَعَج ُهّللا مُکاّیِا نِم َنیذَلا ٌفوَخلا مِهیَلَع َو لا مُه نونَزحَی . 
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Using Illumina® HiSeq 2000™ technology and short read assembly, a foliar transcriptome with 
111,614,711 bp and 115,598 transcripts was constructed. The generated transcriptome was 
annotated and analyzed to gain more details on transcripts and GO terms. Regarding the findings 
from GO terms and different biological pathway databases, some metabolic, energetic, 
photosynthetic, carbohydrate, lipid and organic compound biosynthesis pathways in oil palm 
were revealed. The findings of different searches among distinct pathway databases suggest that 
the generated transcriptome is a representative transcriptome for oil palm. Different comparisons 
among our transcriptome and other plant datasets confirm the speciation relations among oil 
palm and other plants as shown by high similarity between oil palm and other family members, 
including E. oleifera, C. nucifera, P. dactylifera and other plants, such as M. acuminata. Our 
results show that our assembled transcriptome is a new value-added transcriptome that is a 
comprehensive set of transcripts for E. guineensis representing a large proportion of the genes 
that are expressed in oil palm, which will useful for downstream studies and investigations.  
Two genotypes were assessed for their response to drought condition using the generated 
transcriptome as the reference to generate a drought responsive gene catalog for oil palm. The 
drought responsive gene catalog of both genotypes includes 2215 genes in total and 1907 known 
genes was generated. The generated drought response gene catalog disclosed many novel genes 
involved in drought response in oil palms. Differential expression analysis was performed in 
order to find how the oil palm plants responded to drought condition. 
Our study revealed that the distinct genes involving in different processes and mechanisms were 
differentially expressed e.g.  (1) genes involved in photosynthesis like subunits of both 
photosystem I and II and LHC proteins were mainly down-regulated, (2) genes involved in 
regulation like TFs, kinases and protein modification agents were the most abundant (3) 
regulatory genes encoding e.g. TFs or signal transduction proteins as well as functional genes 
encoding e.g. secondary metabolites, sugars, plant hormones were up- and down-regulated (4) 
ABA related genes with different roles such as stomatal closure/aperture, signaling and 
biosynthesis were altered. The results suggest that regulatory genes are more involved in oil 
palm drought stress response than functional genes. 
مسب هّللا نمحرلا میحرلا َدَعَو ُهّللا َنیرِباّصلا َجَرخَملا اّمِم نوهَرکَی َو َقزّرلا نِم ُثیَح نوبِسَتحَیلا اَنلَعَج ُهّللا مُکاّیِا نِم َنیذَلا ٌفوَخلا مِهیَلَع َو لا مُه نونَزحَی . 
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A hypothesis was suggested which showed that different genes, mechanisms, pathways, 
organelles and processes are involved in oil palm drought response and the response of oil palm 
to drought is a complex of many elements and agents.  
Briefly explaining, the oil palm drought stress responses can be observed in different organelles 
like chloroplast by adjusting photosynthetic performance, mitochondrion by balancing energetic 
processes, ER and ribosomes by regulating protein modification, etc. indicating involvement of 
different cellular factors. Also different metabolites either primary (proteins, nucleic acids, 
carbohydrates and lipids) or secondary are involved in drought stress response of oil palm. 
Different sugars like trehalose, fructnas; amino acids like proline, glutathione; antioxidant 
enzymes like peroxidase, glutathione transferase; secondary metabolites like lignin, phenols, 
alkaloids, glucosinolates, etc. were found as drought responsive metabolites. Transcription 
factors and kinases were the most abundant agents whose multipurpose regulatory functions can 
be involved in oil palm responses to water deprivation. With regard to more regulatory events 
like protein modifications, perception, signaling, programmed cell death, and gene expression 
regulation, the results suggest that oil palm employ a regulatory network of various genes to 
tolerate prolonged drought condition. Other agents also are involved in response of oil palm to 
drought stress such as plant growth regulators like ABA that seems its functions are involved in 
many pathways as many related genes to it are expressed in water deficit condition in oil palm; 
JA and ET, Calcium messengers, G-proteins, phospholipases, phosphoinositides,  and many 
others. 
The overall general interpretation of DEGs as a package can be more effective and efficient than 
the explanation of individual gene expression or relation based on only one differentially 
expressed gene/transcript involved in drought. However, this requires more tools and more 
knowledge of gene expression networks as RNA-Seq data indicate and direct us to more 
thorough subsequent studies.  
Two genotypes were compared to analyze how they responded to drought condition. The 
IRHO1001 genotype was considered as sensitive genotype with 181 differentially expressed 
transcripts while the IRHO7010 genotype showed 2870 differentially expressed transcripts that 
function in drought adaptation based on the literature and previous studies in other plants 
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involving in different mechanism and pathways like signaling, hormonal, ROS, oxidative, 
osmotic, secondary metabolite and metabolic protective processes. There were 126 common 
transcripts of 93 genes between the two genotypes, indicating that there might be a common 
general response. This common responses were mainly ABA-related, closure/aperture stomata, 
oxidative and osmotic stress, programmed cellular death  and protein modification mechanisms. 
Comparing both genotypes with each other in drought condition and using some selected 
transcripts, ERD5, HSP18.2, GSTU19, JA related genes including JMT and JAZ8/TIFY5A, and 
TFs like WRKY and DREB/CBF1 were differentially expressed in IRHO7010 implying they can 
be drought responsive candidates. The expression of these transcript examples opens the doors to 
study and investigate other genes expressed differentially in IRHO7010 as the drought tolerant 
candidate genes and the provided list in IRHO7010 can be used as a reference to monitor likely 
oil palm genes that affect water-deficit tolerance and can be used in further studies to select more 
oil palm plants with enhanced tolerance to water deficit. 
Some genes  from the tolerant genotype IRHO7010 as the probable drought-tolerance markers 
can be mentioned like CYP707A4((+)-abscisic acid 8'-hydroxylase), DI21 (drought-induced21), 
phospholipase A2-alpha, ERF017 (Ethylene-responsive transcription factor017), WRKY 
transcription factor 48, DREB1B/CBF1 (dehydration-responsive element-binding protein 1B), 
CIPK23 (CBL-interacting serine/threonine-protein kinase 23), DI21(drought-induced 21), 
OSM34 (osmotin-like protein34), EEL (ABI5-like transcription factor EEL), GSTU19 
(glutathione S-transferase TAU19), BGLU40 (beta glucosidase 40), MATE efflux family 
protein, GolS4 (galactinol synthase 4), RD22 (dehydration-responsive protein RD22), RAV2 
(AP2-EREBP family, RAVE subfamily protein RAV2), GATA transcription factor 8, 
JAZ8/protein TIFY 5A, Calmodulin-binding transcription activator 4. 
RNA-Seq results are reliable as validated by RT-qPCR suggesting RNA-Seq can be used in 
further studies as an adequate method to reveal gene expression profiles and transcriptome.  
This study aimed to comprehending and perceiving oil palm responses to water deficits using 
transcriptomics and gene profile expression levels that are of additional assistance to study water 
deficit responses and functional genomics and to discover plants that are suitable for screening 
programs. The data presented here can be used in future studies to discover functionalities, 
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relational biological network and processes they might be involved and also in drought plant 
breeding. 
Final Word 
The findings demonstrated that gene expression is more complicated than thought before as they 
revealed that various processes and mechanisms are involved in oil palm drought stress 
simultaneously. It seems that the view on expression can be more flexible in order to find 
relation and interaction among genes in an organism by which networks and mechanisms are 
formed. However the results show this dynamically hypothesis but it remains to more research to 
be confirmed or better understood. 
This research has opened some doors for subsequent researches. It is an initiative for other 
programs on oil palm drought tolerance research. Some likely oil palm responses to drought have 
been presented using two different genotypes. As there is deficiency in oil palm molecular 
studied specially on different biotic and abiotic stresses, this project can be a model for other 
studies on oil palm. The current methods of studying genes involving in drought stress are 
suitable to generate more significant data but not enough to conclude how the genes function. 
There is a need for more tools to complete this process of molecular studies on drought response 
in plants. The questions remain to disclose in future studies. 
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